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Abstract 
 
 
This research aims to examine the feasibility of a new concept in section rolling of 
thick strip, which either could not be rolled at present due to cracking at bent corners. 
Whereas, the second moment of area of sections could be increased through 
sharpened corners and increased gauge thickness. A heat assisted section rolling 
process is proposed. This process is based on application of high intensity heat on the 
inner surface of the strip, immediately prior to rolling.  To investigate the new section 
rolling concept, the following work has been carried out.    
 
Firstly, the material property of the S450 steel has been determined using the Gleeble 
simulator, followed by thermal conductivity tests. Since a freon was used to increase 
temperature gradient, the heat transfer coefficient for the freon-hot surface interaction 
was determined. Finally, the four point hot bending tests were conducted to validate 
the simulation model. For this purpose, a hot bending test rig was designed and 
fabricated, utilizing an halogen heater as the heat source. The results between 
experiment and simulation were compared and a good correlation was found. 
 
Then, finite element analyses of a single pass hot rolling process has been adopted to 
investigate the neutral axis shift and section thickening effects. It is revealed that 
localised heating creates bulging on the compressed surface. The bulged surface 
affects the both neutral axis and thickening of the formed parts.  
 
This research has demonstrated that localised heating has a potential to be employed 
in section rolling operations.  It shows that the neutral axis of the bent region shifted 
closer to the tensile surface would reduce the tendency for surface cracking. In 
addition, the increase in thickness that arises at a bend would enhance the stiffness of 
rolled sections. Ultimately a process window for heat assisted section rolling has been 
established. 
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CHAPTER 1 
 
 
 
 
 
RESEARCH MOTIVATION 
 
 
 
 
 
1.1 Introduction  
 
Sheet metal fabrication plays an important role in the manufacturing industry. It is 
extensively used to manufacture parts ranging from car body panel components to 
prismatic sections for structures in buildings.  A variety of sheet metal technologies are 
available such as shearing, stamping, deep drawing, and incremental forming. One of 
them is cold roll forming, which is used to produce long and constant cross-sectional 
sheet metal products. This process is highly productive and versatile since certain 
operations such as punching, bending and welding can be included, resulting in ready-
to-use products.  
 
1.2 Current needs and their requirements 
 
The quantity of cold roll formed and strip-based product is the third largest of all metal 
forming processes, world-wide. Industrially, this process is classified as ‘cold-rolled 
sheet and sections’ and based on the World Steel Association’s report released in 2011, 
2 
the total consumption of hot and cold rolled products reached 71.7 million tons in 2009. 
This volume consumes about 16% of the total steel consumption as can be seen in 
Figure 1.1. 
 
Figure 1.1: Steel production in year 2009 (World Steel Association, 2011). 
 
 
1.3 Standards 
 
All production activities in roll forming industries must comply with approved 
standards. By maintaining these, manufacturers are able to produce quality products that 
meet the customer needs and safety requirements. Moreover, implementations of the 
recognised standard in manufacturing activities are advantageous in terms of high 
productivity, low operating costs, and consistent product quality.  
 
Standards applied to cold roll formed products are determined by the specific 
application and respective country’s requirements. Selection of the standards depends 
on the specific requirements of particular regions of the world. For example, Table 1.1 
shows standard designations to be used to produce certain products as parts for car 
bodies and household appliances. In implementing the new technology, the engineer or 
designer must make sure the final products comply with the standard requirements.  
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Table 1.1: Engineering standards related to cold roll formed products and processes 
Quality 
standard 
EN 
10130/91 
EN 
10311/92 
DIN 1623 
T1/83 
JIS 
G3141/90 
BS 1449 
Part 1/83 
UNO 
5866/77 
ASTM 
A1008/03 
Steel 
grades 
Fe P01 DC 01 St 12 SPCC CR SP 4 Fe P01 
CS Type 
A 
Fe P03 DC 03 RR St 13 SPCD SR SP 3 Fe P02 
DS Type 
A 
Fe P04 DC 04 St 14 SPCEN SR SP2 Fe P04 DDS 
 
Besides the above, other types of standard are available for different types of product. 
For examples, standards specific to construction products are; 
 BS 5950-1:2000 Structural use of steelwork in building. A Code of practice for a 
design of rolled and welded sections. 
 BS EN 10111:2008 Continuously hot rolled low carbon steel sheets.  
Nowadays, there are new structural Eurocode standards specifically established for the 
construction industry which were fully implemented in Europe in 2010.  
 
1.4 Roll formed products 
 
Roll formed products can be classified by the geometry of their cross-sectional profile. 
These can include; angle, channel or corrugated profile. With another categorization roll 
formed products can be classified as open, closed, pierced, and welded. Examples of 
roll formed products typifying the categories are shown in Figure 1.2. 
 
Figure 1.2: Roll formed products (Metsec, 2009). 
 
Open profiles are products with a prominent gap between the two extreme edges of the 
sheet metal strip. In contrast, a closed profile has greater complexity and is 
distinguished by the minimal gap between the two extreme edges of the strip.  Pierced 
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profiles contain holes, punched through the strip during rolling. The fourth type, welded 
profiles represent more advanced products, in which roll formed edges have been joined 
using a continuous welding process during the roll forming process  
 
Roll forming offers a number of distinct advantages over other metal fabricating 
methods. Among them are; 
a) Products with a substantial high strength-to-weight ratio. 
 Savings in weight may be as much as 30-50% compared to casting and bulk 
forming, leading to appreciable savings in cost of transport and installation. 
(Johnson, 1975).   
b) High precision products. 
Roll-formed products can be manufactured to very accurate tolerances and good 
surface finish. The dimensional accuracy of final products typically is 0.3mm 
tolerance (Yu et al., 2009). 
c) Better part strength especially on the bending line.  
 During a cold work process the yield and ultimate strengths will be increased, but 
metal ductility will be decreased (Cubberly, 1989). 
d) Cheaper products.  
Cold roll forming is a high productivity process and high volume production results 
in low cost-per-piece. Also roll formed products contain up to 94% of their raw 
material, resulting in less scrap (Gulceken, 2007). 
 
 
1.5 Applications of roll formed products 
 
Various industries use roll-formed products, especially those engaged in engineering 
applications, such as; 
 Construction-Structural sections, door frames, guide channels and shutter laths. 
 Building- window frames, roofs, gutters and curtain wall sections. 
 Automobile-Stiffeners, bumpers, chassis, door frames and panel sections. 
 Aircraft-airframe stringers, helicopter blade leading edges, and jet engine seals. 
 Appliances-Handles for ovens, drawer rails, trims, and structural beams. 
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 Furniture and fixtures- metal cabinets, shelves and display cases. 
 Motorways and heavy construction- road signs, guard rails and piling 
 
In the construction industry, most structural components are produced by cold roll 
forming including, floor decking, roofs and wall claddings. The wide area of application 
of roll forming products in this industry can be seen in Figure 1.3.  
 
 
Figure 1.3: Application of roll formed products in construction  
(HighTechFinland, 2012). 
 
 
Another important industry which uses cold rolled products is automotive 
manufacturing and the specific product applications can be seen in Figure 1.4. The 
automotive industry in particular has made extensive use of roll forming to produce 
body frames and trim, door headers, window guides, bumper reinforcements, seat tracks 
and door impact bars (Kevin & Ulrich, 2003). 
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Figure 1.4: Application of roll formed products in automotive (Chubu, 2008). 
 
In addition to the above-mentioned applications,, roll formed products are also 
important in other industries. For aerospace applications, roll formed products are used 
for window frames and helicopter blades (Ioannis, 2012). The domestic appliance 
industry also uses products such as handles, drawer slides, refrigerator shelves, ladder 
supports, and control panels (Lindgren, 2009). Further uses of these types of products 
can also be found in agriculture, transportation, and aerospace industry (Hisaki & 
Hiroshi, 2001). 
 
1.6 Essential feature of the roll forming process 
 
In industrial practice various types of roll forming machines, either conventional or 
customized designs are used.  For a conventional roll forming machine, it consists of a 
wide steel base that supports the roll stations which are arranged in a single line. A set 
comprising top, bottom, and sometimes side rolls are fixed to each roll station. 
Basically, the main roll forming system consists of three sections; a raw material feeder, 
a series of stands for forming, and an additional process setup for punching and 
shearing. The typical arrangement of a roll forming line is shown in Figure 1.5.   
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Figure 1.5: Typical set-up of a roll sequence to bend a section from flat strip       
(Sankar, 1996). 
 
 
As shown in the above figure, the roll forming process begins with the strip feeder at 
one end of the production line. The metal strip is then unrolled and fed into a machine 
in the form of a flat strip. During production, the feeder speed plays a major role in 
maintaining consistent strip supply to the machine. Generally, the normal production 
rate for most roll forming processes is around 30 m/min, but there are machines which 
can run up to 100m/min (Sankar, 1996). The production rate depends greatly on the 
material thickness and the bend radius. It is also affected by shape complication and 
hence the number of stations, or steps required.  
 
The number of roll stations required depends on section shape complexity, and their 
design has been largely a matter of skill and experience although nowadays computer-
based expert systems and FE simulation software is available to aid a process planner. 
Figure 1.6 shows the development of a section shape through a series of rolls. 
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Figure 1.6: The strip is formed from an undeformed strip to a finished profile 
(Lindgren1, 2005). 
 
Strip is fed into a roll forming machine, where it is rolled continuously using successive 
sets of rolls. Rollers are located on the respective station together with the rotating 
system. The number of roll stations is not fixed, but depends on the final product 
geometry and the material used. In each station, a set of top and bottom rolls are fixed 
to the stand with the option of side rolls on the left and right. The side rolls rotate on 
vertical axes, and are used for producing vertical surfaces on parts. 
 
In addition to a continuous section, intermittent features are sometimes added to the 
product, such as holes and notches. Therefore, the roll forming machine can have 
operations before or after the roll stands, such as punching, stamping or shearing. With 
these additional operations, roll forming lines can be set up to punch and cut off parts 
continuously. Depending on process convenience, the roll forming lines can be set up to 
use a pre-cut die where a single blank runs through the roll mill, or a post-cut die where 
the profile is cut-off at the end of the roll forming process. A simple arrangement of a 
conventional roll forming system with the attached press and cut-off machine is shown 
in Figure 1.7.  
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Figure 1.7: Full roll forming system with pre-punch and post cut operation 
(AMSControls, 2012). 
 
 
1.7 Product defects 
 
In a production line, product defects, such as those shown in Figure 1.8 can arise.    
 
Figure 1.8: Common defects of roll forming products (Nitin et al., 2005). 
 
These defects are mainly due to inconsistency in running production. To simplify, Table 
1.2 explains the common relation between process setting parameters and product 
problems in the cold roll forming process.  To avoid these, many factors such as part 
design, material types, tooling system and process sequences must be considered.  
 
Table 1.2: Factors influencing the roll forming process (Nitin et al., 1996) 
Section 
Design Roll Design Operating  
Material 
properties 
Sectional 
Quality 
Shape Flower Pattern Mill type Stress Bow 
Length of Legs Pass Height Stand distance Poisson's ratio Sweep 
Width of 
Section 
Vertical Centre 
Distance 
Set-up 
conditions Yield point Twist 
Dimensional & 
Angle  
Section 
Orientation Roll conditions 
Minimum 
bend angle 
Geometric 
accuracy 
Grooves 
Sheet or strip 
feeding Roll quality Grain size 
Location of 
holes, edges 
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In addition to the gross lengthwise shape distortion situations shown above, two major 
problems can arise in the section of roll formed products; cracking and thinning, which 
result during bending of radii.  Cracking occurs due to strains exceeding the workpiece 
metal formability limit in the region of high tensile stress on the outside of a radius. 
Thinning is also due to bending of sheet and is caused by tensile strain on the outside of 
the bend radii.  These phenomena can occur particularly with thicker sheet in which 
tensile bend stresses are higher, with higher strength steel which is less ductile and with 
smaller bend radii, which lead to higher tensile stresses. This is illustrated in Figure 1.9. 
 
Figure 1.9: Illustraion of defects of concern in roll formed products. 
 
 
1.8 Area of study  
 
To maintain high stiffness in rolled sections a high section modulus is necessary, 
therefore tight radii and negligible thinning is desirable.   Thus, the main aim of this 
study is to identify a better processing technique to reduce/eliminate cracking and 
thinning problems of cold roll formed products. 
 
At present, some techniques are being used to overcome the low stiffness problem, such 
as dimpled surfaces or over-bending. However, the only practical way to solve surface 
cracking is by reducing the tension stress on the outer surface. Theoretically, tensile 
stress values in a bend could be achieved by shifting the neutral axis closer to the 
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outside surface. With the lower generated stress value, the probability of cracking 
would be reduced. 
 
The basis of this concept is shown in Figure 1.10 below.   
 
Figure 1.10: Schematic view of the heat assisted roll forming process. 
 
 
An objective of this work is to shift the neutral axis by heating locally the sheet on the 
inner radius of a corner. Material expansion on the hotter side of sheet metal induces 
sectional shape changes that make the neutral axis is positioned closer to the outer 
radius.  The reduced strain that would ensue plus the increase in ductility at the higher 
temperature would reduce the tendency for cracking, even in tight radii.  In addition, it 
is hoped that the concentration of strain in the hotter inner region will cause a 
thickening of the metal at a bend, thus increasing the section and contribute to section 
stiffening. 
 
In addition to experimentation, the heat assisted section rolling process will be analyzed 
further by using a finite element model for heat assisted bending. 
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1.9 Aim and objectives 
 
The main aim of this research is to carry out feasibility studies for the proposed heat 
assisted forming process through experimentation and numerical simulation. This study 
is mainly concentrated on the heat assisted four point hot bending condition. The effects 
of the heated region and temperature on the deformation of the materials are evaluated. 
Particular attention has been paid on the effects of temperature gradient through the 
metal thickness. This is the way to minimise the tensile stress in bending and thus avoid 
cracking in the section rolling process, especially for high strength and thicker sheet 
metals, i.e. between 4 and 6 mm. In the meantime, the material thickness at bending 
corners would be increased if the heating region and temperature gradients through the 
thickness are properly controlled. This is very important to increase the stiffness of roll 
formed products.  
 
The objectives of the research are: 
 
i) Carry out experiments to generate material data for process modelling at different 
temperatures and strain rates.  
ii) Design a heating and testing device and procedures for heat assisted four-point 
bending tests. Test results are used to validate process modeling activities. 
iii) Develop FE models for heat assisted four-point bending tests to predict temperature 
distribution, material flow and neutral axis movement during hot bending.  
iv) Evaluate the effect of heating rate, the temperature gradient through the material 
thickness and the size of heat affected zones on the corner thickening for the heat 
assisted bending. 
v) Develop the process window for the heat assisted section roll forming process.  
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CHAPTER 2 
 
 
 
 
 
PREVIOUS RESEARCH AND DEVELOPMENT ON SECTION 
ROLLING  
 
 
2.1 Introduction 
 
In this chapter, the background to the work undertaken by the author is discussed. Two 
separate topics are included in this chapter, cold roll forming and elevated temperature 
bending. The initial discussion focuses on research on profile transformation in cold roll 
forming processes. This is followed by a theory on the neutral axis shift that occurs 
simultaneously in cold roll forming. The neutral axis characterises two types of defect, 
cracking and thinning, which are detailed later. Further discussion concentrates on the 
four-point bending technique, since it is included in the work reported in this thesis. It is 
used to replicate instantaneous forming in cold roll forming. The second section of this 
chapter focuses on elevated temperature bending, as this process will be used as an 
analogy for heat assisted section rolling. This chapter justifies the research plan, and 
presents the most fundamental issues and major considerations in conducting this 
research.  
 
 
 
2.2 Cold roll forming research 
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The physical mechanism of cold roll forming (CRF) is complex. It is difficult to explain 
the full profile transformation of sheet metal in the roll forming process using a non-
linear geometry evolution. For this reason, the earliest studies of the roll forming 
process focused on material transformation imposed by a single roll station. Kuichi 
(1982) investigated a method of calculating a U-shaped profile transformation for cold 
roll forming, as illustrated in Figure 2.1.  
 
 
Figure 2.1: Sheet metal deformation using shape function, S 
 (Kuichi, 1982). 
 
 
Referring to the figure, x= x1 and x= x2 represent the positions of the i
th
 roll stand and 
the x2= (i + 1) roll stand, respectively. The equation for a sinusoidal surface is expressed 
by using the shape function, as follows: 
         
 
     (
 
 
(
 
 
)
 
)     2.1 
 
 
where   L=    –    is the distance between two neighbouring rolls. 
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The derived shape function has been used to determine Y and Z coordinates 
perpendicular to the X-axis on the projected cross section of the i
th 
roll, as described by 
the following equation: 
 
                  2.2 
   
         (           )    2.3 
 
         (           )    2.4 
 
In another research study, Panton (1987) used a similar concept but with a different 
shape function, as shown below: 
 
 
     [
     
 
]
 
      2.5 
 
where  x- Distance in the forming direction 
 L- Distance between 2 roll stations 
‘a’ and ‘b’ are the constants specifying the shape of the deforming metal 
between stages. 
 
The shape function was used to calculate the distribution angle along the formation line 
in roll forming. 
  
 
                      2.6 
 
where θ(x) - the angle at a distance x from i-1th stage 
 θ1 - the angle at precedent roll  
 θ2 - bend angle at end of pass 
 S - shape function  
  
Whereas earlier research emphasised the sinusoidal shape function, Bhattacharyya 
(1987) formulated cold roll forming differently. He introduced trapezoidal forming 
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theory. In describing the trapezoidal theory (as in Figure 2.2), sheet metal starts from 
the noncontact forming region A. The sheet metal exits in region A with a bend angle of 
1 and deforms to a bend angle of 2. In region B, partial deformation occurs in the 
bending region until it reaches the central line of the rolls. In this stage, the bending 
moment plays a major role in the deformation.  
 
 
Figure 2.2:  Deformation of flat sheet metal at the first roll station (Bhattacharya, 1984). 
 
In describing this, Bhattacharya used three assumptions: (i) the material is treated as 
rigid-perfectly plastic, (ii) bending takes place only along the fold line and (iii) the 
flange adopts the shape by minimising the energy required for bending and stretching 
the sheet metal in a roll station. He concluded that the bend angle distribution at the 
selected point in z-direction could be expressed as follows:
  
 
      
  
   
       
     2.7 
 
where  θ1 - the bend angle at precedent roll  
 θ2 – the bend angle at end of pass 
 z1 - the deformed region at precedent roll  
 z2 – the deformed region at end of pass 
 a - flange length  
  t - sheet metal thickness 
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Figure 2.3: (a) Formation of a channel section (b) Typical cross-section of the formed 
product (Bhattacharya, 1984). 
 
 
As can be seen in Figure 2.3, equation 2.7 can be simplified by introducing the flip 
angle, θp=θ2-θ1 and the deformation length, L= z2-z1. The deformation length, L, is 
given by 
 
  √
     
  
       2.8 
 
where  p - the prescribed fold angle in one particular stage 
 a - flange length  
 t - sheet metal thickness 
 
Thus, cold roll forming formation has been successfully expressed mathematically. 
Unfortunately, this technique cannot be used to explain various forming defects, due to 
the complexity of the roll formed products. However, the advent of computer 
technology has changed cold roll forming research from analytical to computer-based 
analysis. Some researchers developed their own computer programmes, while others 
used commercially available software packages. Brunet (1992) was among the pioneers 
who used a plane strain finite element model to study strip bending in cold roll forming. 
He used Kiuchi's (year) formulation to predict longitudinal strains in his computer 
modelling.  
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Meanwhile, Rebelo et al. (1992) used finite element software to simulate roll forming of 
a U-channel strip pulled through three roll stands. The simulated U-channel was 
modelled with 4-node shells, 20 through the width and 40 through the length. The strip 
was pulled through three roll stations and the rigid rolls were rotated freely. He 
compared implicit and explicit approaches. This revealed that the implicit method is 
preferable in smaller, two-dimensional problems, whereas the explicit method is more 
robust and efficient for complicated models involving contact. The reason is that the 
implicit solver can encounter numerical difficulties in converging to a correct solution 
during an analysis involving large element deformation, highly non-linear plasticity or 
contact between surfaces (Harewood & McHugh, 2007). 
 
Since this work is focused on performance studies of a single station in cold roll 
forming, research of this type is the main concern. Among the relevant investigations 
are those of Sukmoo et. al. (2001) and Lindgren (2007). Sukmoo et al. (2001) used 
FEM to simulate the roll forming of a rigid-plastic material. They compared the 
deformation length with experimental results. From the research, they concluded that 
higher work hardening causes an increase in deformation length.  
 
 
Figure 2.4: The strip is formed by a bend angle in the contact zone between the rolls 
(Lindgren, 2007). 
 
 
Lindgren (2007) developed the FEM model to study the performance of high strength 
steel in the cold roll forming process. He investigated changes in the longitudinal strain 
at the flange edge and the deformation length when the yield strength increases while 
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forming a U-channel, as shown in Figure 2.4. He found that longitudinal strain 
decreases when the deformation length increases. He concluded that lower longitudinal 
strain reduces residual stresses in the flange of the profile, as well as reducing quality 
problems in roll formed products.   
 
Currently, many software packages developed for part design have become available 
and numerical methods of analysing fundamental aspects of the process have become 
commonplace. Among the available cold roll forming software packages specifically 
for product design are PROFIL and COPRA. 
 
2.2.1 Bending in cold roll forming 
 
Kuichi (1982) and Bhattacharya (1984) discussed a method of calculating work (W) in 
cold roll forming. The former suggested that work is related to the thickness (t) by the 
following equation, 
 
          
          2.9 
 
Meanwhile, the latter described the plastic work dissipated per unit length of one local 
bend as follows: 
 
   
 
 
         2.10 
 
These two relations are very close to the expression obtained from ASME (1958) for the 
work done (W) in bending,   
          2.11 
 
With the close similarity in defining the required work for forming and bending, the 
bending concept has been adopted as an analogy for small area bending in cold roll 
forming. 
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2.2.2 Neutral axis shift  
 
The neutral axis in bending is a virtual line or surface in the work-piece where stress 
and strain are zero. In this case, one side of the neutral axis is in tension, while the 
opposite side is in compression. Figure 2.5 shows the neutral axis in pure bending.  
 
 
Figure 2.5: Neutral axis definition (Hosford & Caddell, 2007). 
 
Wolter (1952) described the neutral axis theory in his study of the deformation of a 
plate. He modelled the plate by considering a piece lamellar structure and defined 
several null fibres to identify fibre motion. He determined that, at the beginning of the 
elastic deformation, one of the fibres originally located in the middle of the strip has 
zero stress and strain. It is identified as a neutral fibre in the developed model. 
 
Neutral axis shift is easily described, as in Figure 2.6. Initially, the neutral axis passes 
normally through the centroid. As bending progresses, the neutral plane moves to the 
inside of the bend because the cross-sectional area on the outside decreases and the 
cross-sectional area on the inside increases. 
 
 
Figure 2.6: Neutral axis shifts in a strip bending 
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Neutral axis shifts have been formulated differently, depending on the material model 
used. In pure bending conditions, Fewtrell (1990) formulated the neutral axis shift 
equation for the elastic perfectly plastic, as depicted in Figure 2.7. In his analysis, a 
computation starts with a flat plate at zero curvature (κ=0) and a neutral axis located in 
the middle of the part thickness.  
 
Figure 2.7: (a) Bending notation (b) The effect of an increase in curvature        
(Fewtrell, 1990). 
 
The increase in circumferential strain and position of the neutral axis for each increment 
in curvature has been defined as 
   
  (
 
  
 
   ⁄
 
 ⁄
)  
 
 
     2.12 
                             
 
where y - the position of the neutral axis 
 t- the sheet thickness 
 κ- the bending curvature (    ⁄   
  
In another study, Pahole et al. (2006), who investigated the bending radius for a 
perfectly plastic material, introduced the neutral axis coefficient to relate to neutral axis 
length, as shown in Figure 2.8. They stated that the neutral axis length can be calculated 
by the following: 
 
   
   
   
            2.13 
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where     - the neutral axis length 
  θ – the bending angle 
   r  - the bending radius 
   t  - the sheet thickness 
   ρ - the bending curvature 
    
   
Figure 2.8: Neutral axis shift in plastic bending (Pahole, 2006). 
 
In other research, Lascoe (1998) characterised the final position of the neutral axis 
based on different metal forming test conditions. He found that the neutral axis shifts 
from 50% (in the middle) to 33% closer to the inner surface in the case of thick metal 
plate bending. He concluded that there were no obvious changes to the position of the 
neutral axis, in the case of either a very thin or a large radius bending process.  
 
The neutral axis can remain within or move away from its original position in any 
direction, depending upon the strip’s bending curvature. Therefore, it is important to 
understand the relationship between neutral axis shift and stress-strain distribution. 
 
2.2.3 Relationship between the neutral axis and stress-strain distribution 
 
In pure bending, the strain distribution (shown in Figure 2.9) can be approximated as 
 
  
 
 
          2.14 
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where  y - the perpendicular distance to the neutral axis 
ρ – bending curvature 
 
 
 
Figure 2.9: Strain distribution in bending (Marciniak, 1991). 
 
Stress distribution on a section depends on the material models used. The easiest way of 
identifying the relationship between the neutral axis and stress distribution is to use 
simple beam theory. The approach uses the standard beam bending moment equation to 
calculate the stress from the neutral axis. The formula to determine the bending stress 
under a simple beam bending condition is 
 
  
  
  
      2.15 
where  σ - bending stress 
M - moment about the neutral axis 
y - perpendicular distance to the neutral axis 
Ix - second moment of area about the neutral axis x 
 
In pure bending analysis, the most influential work is certainly that of Hill (1950), who 
provided a solution for pure bending of a rigid perfectly plastic. He proposed a constant 
stress distribution throughout the bending process based on the developed bending 
moment, as shown by the following equation: 
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where     - yield stress 
to - initial thickness 
 
Using a rigid-plastic with strain hardening material model, Crafoord (1970) introduced 
three bending zones on the section to describe the occurrence of zero-deformation at the 
core region during the bending process. Dadras and Majlessi (1982) expanded 
Crafoord’s (1970) work by deriving an equation for the bending moment to plot the 
radial stress and tangential stress for bending in different material models. Alexandrov 
et al. (2006) made a study of the complete process of plane strain pure bending for 
several rigid plastic material models, including strain hardening and strain rate 
hardening, as well as strain and strain rate hardening materials. 
 
Other researchers used elastic-plastic models to determine stress-strain distribution of 
large strain deformation and low curvature bending. For example, Wang et al. (1993) 
determined strain distribution in the vicinity of the neutral line for elastic–plastics with 
strain hardening. They successfully determined strain distribution in the vicinity of the 
neutral line using approximate distribution. Even though such an approach significantly 
simplifies the solution, the effect of the simplification on the accuracy of the final result 
is unclear. Lee et al. (2009) studied an elastic-plastic bending with linear hardening 
model to predict the spring-back of magnesium alloy sheets. They successfully plotted 
complete stress distribution at different stages of pure bending. 
 
From the above discussion, it is shown that stress-strain distribution is basically 
determined by the neutral axis location, as in the equation. Most of research on the pure 
bending process can be divided into two groups, namely rigid plastic and elastic–plastic 
solutions (Alexandor & Hwang, 2009). It was found that stress-strain distribution across 
the strip thickness will depend on two factors, the used stress-strain law and the amount 
of bending. At large strain bending, stress distribution is transformed from purely elastic 
bending into the elastic-plastic region, as shown in Figure 2.10. 
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Figure 2.10: Stress-strain distribution at small and large bending curvature              
(Brian & Harry, 2000). 
 
 
2.3 Defect formation  
 
As discussed, stress and strain distributions have direct consequences on product 
defects. This section looks at two defects that are investigated in this research. 
 
2.3.1 Thinning in sheet metal bending 
 
In CRF, when corners are formed through bending, thinning of the work-piece takes 
place when the outside surface deforms plastically. Thinning is defined as  
 
 
Thinning (%) = (Original thickness – thickness after bending) x 100 
                           (Original thickness) 
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Sheet metal thinning occurrences are categorised into two types of situation, namely 
stretch-bending and cantilever bending.  
 
For stretch-bending, deformation occurs at the contact area between the die and the 
work-piece. Studies have mostly been based on a three-point bending condition and 
many theoretical approaches predicting fracture in stretch-bending have been published. 
Yoshida et al. (2005) developed a failure criterion to calculate a fracture load in three-
point bending. They assumed that the fracture occurs when the stretching load reaches 
its maximum value. The developed function has been used to determine stretch-bending 
fracture analytically and was then compared with experimental data.   
 
Most current research on strip thinning has been done numerically. Kruijif et al. (2009) 
conducted numerical and analytical investigations of a strip under stretch-bending 
conditions. They developed FEM models to explore the strip’s response to different 
modes of stretching-bending under concurrent conditions. They found stretch-bending 
deformation may prevent thinning in forming operations.   
 
In other research, Zhu (2012) investigated thinning of high strength steel under tension 
and bending. He found that thinning strain due to bending is more significant than is 
that caused by linear tension. He suggested that, in the case of bending analysis, total 
strain is more appropriate than plastic strain for describing thinning in sheet metal 
bending.  
 
In the second type of research, bending occurs without direct contact between the die 
and the work-piece at the deformed area. Many studies were conducted using a four-
point bending test. In pure bending, the strain is assumed to be a linear function of the 
distance from the middle surface.  
 
Proksa (1956) furthered Hill’s (year) work by developing a theory that can be applied to 
work hardening materials by proposing a differential equation of  thinning for bending 
under a three dimensional state of stress. He also showed that the Bauschinger effect 
could be incorporated into the bending process. On a similar basis, Dadras and Majlessi 
(1982) conducted a simulation analysis, incorporating the Bauschinger effect and linear 
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stress-strain dependence in their model. They concluded that thinning only occurs in 
large curvatures as a result of reduction of the bending moment. 
 
In other research, Tan et al. (1995) used a simulation model to investigate anisotropy 
and Bauschinger effects in pure bending. They found that anisotropy has a small effect 
on material thinning. At the same time, the model incorporating the Bauschinger effect 
contributed to a greater thinning effect in the model. 
 
Besides pure bending, another type of research concerns small curvature bending. In 
this case, the prominent factor is to identify a bending ratio (R/t) at the given bend 
radius, R, and strip thickness, t. This value is used to predict failure and bendability of 
different bending curvatures. In his work on the theory of simple plane-strain bending, 
Hill (1950) stated that, for a bending ratio of less than 5 (R/t ≤ 5), the transverse stress is 
highly significant and therefore cannot be ignored in bending calculations.  
 
The bending ratio can be determined by two loading schemes. The first arrangement 
uses three-point bending, where a specimen is located on two support beams and the 
load is applied by a striker. The second arrangement is that of pure bending of a 
cantilever or a four-point bending test, as has been adopted in this study.  
 
2.3.2 Cracking in sheet metal bending 
 
Stress developed on the outside of a bend stretches the metal and, if plastic deformation 
arises, in addition to causing thinning, it produces a local increase in hardness and a 
decrease in ductility. If the stress is sufficiently high, it can cause cracking.  
 
Early theories to predict local stresses near surface crack were based on crack features. 
Among the related researches were those of Sadowsky (1949) on ellipsoidal crack, 
Greek & Sneedon (1950) on elliptical crack and Sneddon and Tait (1963) on penny-
shaped crack.   
 
Further research by Kassir and Sih (1966) pointed out the existence of a second 
elliptically shaped crack normally embedded in the cracked surface. They proposed a 
stress intensity factor (K) to reflect the influence of the second surface effects. Smith & 
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Alavi (1971) used the same approach in describing a crack phenomenon and developed 
an approximate theory for determining the stress intensity factor for a semi-elliptical 
surface crack in a finite thickness plate under bending conditions. Other research by 
Marrs (1971) also constructed mathematical models on cracking.  
 
Kathiresan (1976) and Newman (1979) used a numerical method to analyse the surface 
crack problem. Kathiresan (1976) used the finite-element method to obtain the stress-
intensity factor variations along the crack front for various crack shapes, while Newman 
(1979) also used a numerical method of semi-elliptical surface cracks for elastic 
isotropic materials to determine stress-intensity factors subjected to tension and bending 
load conditions. They found that the crack shape is generally less for thicker material at 
a given bending curvature ratio. From this observation, they concluded that the 
thickness-related trend is due to the presence of residual stresses in the surface layer. 
Tensile residual stresses in the surface layer will cause higher stress-intensity factors on 
the surface; hence, crack growth will be more rapid at the surface. 
 
2.4 Elevated temperature sheet forming 
 
2.4.1 Forming by non-uniform heating 
 
Non-uniform heating in sheet metal forming can be attributed to processing-induced 
large temperature variations in the work-piece. In other words, plates were formed by 
applying controlled heating and cooling along contours. Early investigations were 
focused on the use of flame to form plates for seagoing craft (Hwang et al., 2010). 
Flame was a common method for heating and fabricating sections of ship hulls by using 
oxy-fuel heating processes. However, little scientific research was conducted on flame 
heating methods, due to the poor control of energy transfer to the metal surface. 
Because of many uncertain factors in this process, it is popular only in the shipbuilding 
industry where no great accuracy is required and the production quantity is confined to 
small batches. 
 
The use of laser beams has become an attractive alternative for similar kinds of 
deformation by local heating processes. With the advent of more controlled heating 
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methods, a new area of study in hot metal forming has been explored. Many new 
processes have been introduced in laser-based sheet metal forming, such as incremental 
bending, tailor-welded forming and spin forming. The laser beam specifically offers 
good precision, higher flux density and fast heating. Other advantages of laser beam 
applications have been found, such as the ability to form a curved surface and the 
forming of hard and brittle materials, such as titanium alloy and ceramic. 
 
With a very fast heating rate, localised high temperatures in work-pieces can be readily 
obtained. This feature has been identified as an important factor for potential use in the 
process proposed in the work described in this thesis.  
 
2.4.2 Forming by uniform heating 
 
Uniform heating is conducted in such a way that an entire work-piece is heated in a 
heating system prior to the forming process. This process can be distinguished 
according to two major categories, warm forming and hot forming.  
 
The warm forming process refers to working temperatures below the recrystallisation 
point of the material. For steels, the allocated temperature of the warm forming range is 
between 400
o
C and 800
o
C (Medrea, 2008). Warm forming allows for tighter formed 
radii, better elongation and deep draws that cannot be achieved at room temperature. 
Some warm forming applications include automotive, aerospace, appliance, 
container/storage and architectural applications. Features such as highly detailed logos 
or threads can now be incorporated into the part design with warm forming. 
 
 The advantages of warm forming are finer tolerances and a surface finish closer to that 
attained in cold forming, lower tonnages compared with cold forming and better 
lubrication than hot forming, thereby contributing to better tool life. Using warm 
forming, much larger parts can be formed on a smaller system due to the lower forming 
pressures required, making warm forming a cost-effective production method.  
 
Hot forming is performed at a temperature greater than the recrystallisation temperature 
(Neugebauer, 2006). In industry practice, this process is carried out by evenly heating a 
steel blank, forming it at precise forming pressures and then cooling it at controlled 
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temperatures in the die. The advantages are applicability for a bigger range of steel 
grades and suitability for complex shapes. However, hot forming also has 
disadvantages, such as surface scaling, poor surface finish and shorter tool life.    
 
 
2.4.3 Effect of the test-piece material 
 
As material properties are temperature dependent, they have a strong influence on both 
process and product, and their characteristics are significantly different in hot processes. 
 
A study by Satorres (2005) shows that material properties have a significant effect on 
the thinning occurrence during bending. A high anisotropy ratio in high strength steel 
creates a higher resistance to thinning. Research by Prasad and Somasundaram (1993) 
shows that materials with greater strain-hardening properties have a greater tendency 
for thinning during bending, which further causes the unstretched neutral to move closer 
to the compressive side. 
 
In this study, hot-rolled steel (HRS) has been chosen as the work-piece material. The 
HRS refers to steel with a carbon content of less than 0.3% of the total material 
composition. It is one of the most common types of steel used for general engineering 
purposes, partly because it is often less expensive than are other types of steel. For the 
work described in this thesis, property data for HRS were accessed from papers by 
Zhang and Michaleris (2004), Biswas et al. (2007) and Woznica and Klepaczko (2003). 
 
Besides HRS, zinc-coated low carbon steel (LCS) or galvanised iron is another potential 
material type for application of the heat-assisted section-rolling process. However, the 
setting parameters for this type of material are more critical, due to the  low melting 
point of the zinc (419
o
C) (Bley et al., 2007). Under certain circumstances, the proposed 
method could be applied to zinc-coated LCS if the surface quality of the final product is 
of little concern.  
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2.4.4   Effect of  hot forming mechanisms 
 
In the literature, many sheet metal forming processes are classified as being either pure 
thermo-mechanical forming or temperature-assisted forming. For the former, laser 
heating has usually been used and deformation obtained without the use of external 
force. Studies by Lawrence et al. (2001), Kyrsanidi et al. (1999) and Rao et al. (1996) 
show that there is a need for a good heating strategy to make sure almost all the 
supplied heat energy is fully absorbed by the metal prior to forming. Among these are 
laser energy, speed, heating angle and heating repetitions. 
 
Various heating methods have been used for temperature assisted forming. Studies by 
Kari et al. (2007) and Canteli et al. (2008) reveal that high intensity heating energy 
produces better bending results, compared to the conventional methods like oxy-fuel 
and halogen heaters, in terms of lower spring-back, less hardening in the bending line 
and geometry of the bend. 
 
2.4.5 Heat source  
 
Many types of heat source can be selected for the heat-assisted forming process. In 
general, there are two categories: contact and non-contact. A suitable heat source is 
determined based on various factors, such as heating capacity, heat distribution and 
operating cost. The most common types of heat source are described below. 
 
2.4.5.1 Laser beam  
 
At mentioned earlier, a laser beam is determined as the heat source with the greatest 
potential for a heat-assisted section-rolling process. Its major attributes are high output 
power and excellent beam quality for controlling a small heating area. The spot size of a 
laser can vary between 0.2 mm and 13 mm, though only smaller sizes are used for 
localised heating. Many types of laser machine are available in the market. For 
comparison, specifications of three well-known types of laser machines are summarised 
in Table 2.1. 
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Table 2.1: Three main laser types in the market 
Laser Type CO2 Nd-YAG HP-Diode 
Power 20 kW 4 kW 6 kW 
Wavelength 
10.6mm 
(low 
1064 nm 
(high) 
808~980 nm 
(high) 
Working 
distance 
>500 mm >250 mm >300 mm 
Advantages/ 
Disadvantages 
 High power 
 High system cost 
 Low initial 
absorption 
 Poor process 
efficiency 
 Medium power 
 Good handling 
 High laser costs 
 High operating 
costs 
 High power 
 Good handling 
 Excellent 
operating costs 
 High process 
efficiency 
 
Serious effort regarding laser forming began in the 1980s at MIT (Henk, 2003). 
Research was carried out on steels in order to determine the relationships between 
bending angles and the heat power, heat source speed, the size of plate and the number 
of heating passes. The research by Chen et al. (2008) revealed that important 
considerations in laser heating applications relate to the geometry of the work piece, 
laser power, laser spot diameter, scanning velocity and the scanning path.  
 
2.4.5.2 Infrared  
 
Infrared heating is achieved through the transmission of thermal energy in the form of 
electromagnetic waves. It is a type of heat source that can be used in a heat assisted 
section rolling process. This type of heating utilises a halogen lamp that emits infrared 
energy. Advantages are that infrared units are movable and are relatively cheap, 
compared with other heat sources. At present, this type of heating is mostly used for 
applications in industries involved in heat treating and forming of polymers.  
 
Mathematically, the generated power of an infrared heater, Qsup, is a product of current 
(I) and voltage (V). It can be expressed as 
 
               2.17 
 
Where    is power efficiency for heat loss of the electrical equipment.  
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Heat loss from the heater is mainly due to three factors: the type of heating element, the 
wavelength and the heater’s design. Regarding the heating element, quartz and ceramic-
based elements are able to reach higher temperatures with less input energy compared 
to their metal-coil counterparts. Maximum metal absorbability is between 3 and 10 
microns. Significant heat loss occurs in the parabolic reflectors used to direct the 
radiation, as they also absorb heat.  
 
2.4.5.3 Induction heating 
 
Induction heating is another type of non-contact heat source that is currently used for 
high temperature forming. Essentially, heating derives from a rapidly oscillating 
magnetic field that induces eddy currents inside the work-piece. The inherent resistance 
of the work-piece material to these generates heat internally. Its main advantages are a 
fast heating rate, great precision in heating localisation, no warm up required and good 
reproducibility (Bay et al., 2003). Research by Chaboudez et al. (1994) used numerical 
analysis and experimentation to determine temperature distribution inside a work- piece 
with slow induction heating.  
 
2.4.5.4 Flame heating 
 
Flame heating is the earliest heating method used in hot metal forming. The main 
difficulties in flame heating are control and prediction of the temperature field, due to 
the distributed heat source (Moshaiov and Vorus, 1987). Due to this, flame heating is 
rarely used as the heat source in precision hot metal forming. 
 
2.4.5.5 Resistance heating 
 
Resistance heating uses electrodes that are clamped to the work-piece at opposing sides 
and which are charged by electrical currents. Electric resistance generates heat in the 
middle, which softens the work-piece. By varying the voltage, accurate levels of 
temperature for hot rolling can be achieved (Mori et al., 2005). 
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2.4.6 Heating mechanism 
 
After identifying a laser beam as the heat source, the next task is to determine the best 
control method to be used in the heat-assisted forming process. Based on research by 
Geiger et al. (2004), three mechanisms can occur in heat-assisted forming by laser 
heating. They are the temperature gradient mechanism (TGM), the buckling mechanism 
(BU) and the upsetting mechanism (UP). The differences are summarised in Figure 
2.11. 
 
 
 
Figure 2.11: The classification of laser heating mechanisms (Geiger, 2004).  
 
Heating mechanisms in laser forming depend on the set-up of the laser beam. For the 
Temperature Gradient Mechanism (TGM), using a small spot size and a fast traverse 
speed, the thermal expansion of the upper surface of the sheet metal would be hindered 
by the surrounding material, which would result in an upsetting of the heated material 
(Figure 2.12-a). After the laser beam is removed, cooling of the surface layer causes 
thermal contraction. Since the surface of the sheet has been compressed, the thermal 
contraction results in the local shortening of the surface layers. Thus, local shortening of 
the surface layers causes the sheet to bend towards the laser beam and contributes to 
section thickening of the heated product (Figure 2.12-b). 
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Figure 2.12:  A thermal gradient mechanism of laser bending: (a) heating process and 
(b) cooling process (Source: Hu et al., 2002). 
 
The previously described TGM for bending of the sheet is primarily operative in 
conditions where steep temperature gradients are developed in the material. Such 
conditions are dominant when the diameter of the laser beam is nearly equal to the 
thickness of the sheet.  
 
However, when the diameter of the laser beam is significantly larger (estimated about 
10 times more than the thickness of the sheet), the ratio of thermal conductivity to the 
thickness of the material is greater. This creates a small or negligible temperature 
gradient in the thickness direction. Such conditions of small thermal gradients in the 
thickness direction facilitate deformation by the BM. 
 
Similar to the BM, the UM of laser forming is operative when the temperature gradient 
in the laser-heated region is negligibly small. However, the thickness of the sheet for 
UM is much larger than the heated region of the sheet. The localised heating of the 
sheet causes uniform thermal expansion of the material throughout the thickness of the 
laser-heated region.  
 
The geometry of the sheet prevents the buckling of the sheet. Instead, local shortening 
of the sheet in the laser-heated region takes place, resulting in a local increase in the 
thickness of the sheet. From the above discussion, it was determined that the TGM is 
the most suitable for heat-assisted forming applications. 
 
2.4.7 Temperature distribution 
 
In heat-assisted forming processes, heat distribution in the sheet metal is the paramount 
issue as it determines material flow stress and metal flow during deformation. Basically, 
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most researches adopted movable lasers in their investigation. The basic configuration 
of the laser heating setting is shown in Figure 2.13.  
 
 
Figure 2.13: Model geometry for laser forming (Cheng and Lin, 2000). 
 
Some researchers have undertaken experimental work to study temperature distribution 
inside the test-piece. They used thermocouples or infrared thermometers to measure the 
temperature of the work-piece. Among them are Dobrzanski et al. (2005), Shen and Yao 
(2005) and Yilbas et al. (2010). For example, Yilbas et al. (2010) conducted 
experiments and numerical analysis for metal surface temperature distribution by laser 
heating. They compared the experimental and numerical results, as seen in Figure 2.14. 
The result shows temperature variations of the irradiated surface. Once the laser beam 
moves away, the temperature reduces with time at this location due to the convection 
cooling of the surface.  
 
Figure 2.14: Variation of surface temperature at different locations   
(Source: Yilbas et al., 2010). 
 
 
Numerical methods have also been used to determine temperature distributions. Among 
research used to study temperature distribution are those of Clausen (2000), Hemmati 
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and Shin (2007) and Mahmood et al. (2007). Numerical results provide further insight 
into the complex temperature profiles within the specimen, as depicted in Figure 2.15. 
 
 
Figure 2.15: Temperature field obtained by a numerical method under the condition of 
power=1000 W, v=20 mm/s, (Source: Cheng et. al., 2006). 
 
As we can see in the figure, a temperature gradient is established in the work-piece. 
This occurs when the sheet surface is irradiated with a laser beam; a fraction of the laser 
energy is absorbed into the material. Steep temperature gradients exist due to the 
enormous amount of laser energy absorbed by the surface and the inefficient conduction 
of this energy during heating. 
 
 
2.5 Process variables 
 
2.5.2 Neutral axis shift in hot bending  
 
In hot bending, the neutral axis shift is affected by a combination of stress variations 
depending on the temperature generation along the part thickness. Determination of the 
neutral axis is difficult, since the stress is not distributed uniformly inside the work-
piece. An occurrence of bulging of the heated area during the bending stage results in 
making stress distribution at the bended area non-linear around the line of geometric 
symmetry.  
 
The neutral axis shift in the hot bending process can be analysed using the finite 
element method. In this case, plotted stress distribution from the selected points is used 
to determine the neutral axis during the hot bending process. This method will be used 
in determining the neutral axis characteristic of the hot bending process in this study.  
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2.5.3 Sectional thickening 
 
In hot bending processes, localised heating with high-intensity energy tends to cause 
thickening. Section thickening is defined as a percentage increase in thickness with 
respect to the initial thickness of sheet metal.  
 
Basically, section thickening is attributed to a conservation of volume. It occurs due to 
the effect of lateral plastic compression on the heated surface, together with bending 
forces that push the work-piece upwards. Increases of the section thickness in the hot 
bending process have been reported by many researchers, including Edwardson et al. 
(2007) and Marya and Edwards (2001). For example, Edwardson et al. (2007) 
investigated sectional thickening during the hot bending process, which revealed section 
thickening at the end of bending, as depicted in Figure 2.16.  
 
 
(a) 
 
Figure 2.16: Sectional thickening of 1.5mm mild steel. (a) Sectional thickening photo   
(b)  Section thickening at  middle area perpendicular to the top surface at 
two test conditions- cantilever edge clamped and V-block flat clamped. 
(Source: Edwardson et al., 2007). 
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The figure shows that section thickening changes depend on laser beam repetitions on 
the heated surface. When the bent part is thicker, the component becomes stiffer. This 
condition is due to a combination of the section thickening effect and an increase of 
local hardness in the heated region after the forming process. Since section thickening 
obviously produces stiffer components, it will be included in the analysis of the process 
performance of the heat-assisted forming process. 
 
2.6 Chapter summary 
 
The static hot bending test could be used to study the applicability of the localised 
heating technique to the cold roll forming process. To understand the fundamental 
concept applied in the hot bending process, mathematical theories associated with metal 
bending, such as the neutral axis, have been reviewed. The neutral axis shift changes the 
stress-strain distribution and contributes to the outer surface defect. Thus, two types of 
defect have been reviewed. In the meantime, the stress-strain distribution is affected by 
the applied process parameters. Therefore, these issues were extensively discussed at 
the end of this chapter.  
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CHAPTER 3 
 
 
 
 
 
EXPERIMENTAL WORK 
 
 
 
 
 
 
3.1    Introduction  
 
The experimental work is discussed in this chapter. The experiments comprised three 
types of test; hot tensile, heat transfer and four-point hot bending. The hot tensile tests 
were conducted to determine the temperature-dependant mechanical properties of the 
hot-rolled steel. The heat transfer tests were set up for a thermal conductivity and a 
Freon hot metal coefficient. The four-point hot bending test was used to replicate the 
hot-assisted bending process. Data obtained from the experimental work were used for 
finite element simulation and numerical analysis of the process conditions.  
 
3.2  Materials as-received 
 
The work-piece material is hot rolled mild steel, classified as Grade S450 and supplied 
by Kingspan Offsite, the collaborating company, in the form of a number of off-cuts. In 
the classification, ‘S’ denotes ‘structural’ and the number is the yield strength (in MPa). 
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The as-received 6mm thick raw material was in the form of squares, 100 mm long and 
100 mm wide, pre-cut by our collaborator. In this case, the materials used are 
considered to be isotropic. Figure 3.1 shows the as-received material. 
 
 
Figure 3.1: As received test-piece - steel grade S450 
 
The specified composition of S450 steel is shown in Table 3.1. 
 
Table 3.1: Chemical percentage composition and properties of grades of S450 steel 
(extracted from BS EN 10025 Part 2 – Non-alloy structural steels) 
Grade Min yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Composition limits (max %) 
C Si Mn P S N Cu 
S450 450 550-720 0.23 0.6 1.8 0.04 0.04 0.027 0.6 
 
 
In this research, the thick hot-rolled steel was used to replace the thinner galvanised 
steel, due to a problem with coating surface damage. To investigate this, an initial 
experiment was made using the galvanised steel. The specimens were heated inside the 
furnace at five different temperatures between 400
o
C and 1000
o 
for one minute. As we 
can see in Figure 3.2, the tested specimens were affected by heat. At the lowest test 
temperature (400
o
C), the coating material reacted with the base metal, changing the 
glossy surface to a dull colour. Microstructural changes in the coating material would 
reduce the corrosion resistance of the base metal. Considering this, uncoated hot-rolled 
steel with a 6 mm thickness was selected. This implies that the proposed process is only 
applicable for uncoated steel, which will be the main focus in this research. 
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Figure 3.2: Temperature effects on galvanised steel at five tested temperatures. 
 
 
 
3.3 Hot tensile tests 
 
In the heat-assisted hot forming process, the mechanical properties of the work-piece 
material are temperature dependant. Therefore, the first requirement of this research 
was to establish the temperature-dependant mechanical property of the S450 steels. The 
tests were conducted on a Gleeble testing simulator. 
 
3.3.1 Equipment (Gleeble machine) 
 
Hot tensile tests were carried out on a Gleeble machine, model 3500. It is a horizontally 
oriented tensile testing machine with a built-in test-piece heating system. The machine 
can be used for testing a wide range of materials, including metal and non-metal test-
pieces.  
 
The Gleeble simulator controls thermal and mechanical test variables simultaneously, 
through the digital closed-loop thermal and mechanical servo systems. It consists of 
Windows based software and a powerful, embedded processor in the control console. 
The machine consists of three major units: the control console and software, the testing 
unit and the hydraulic power unit. The machine layout is shown in Figure 3.3. 
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Figure 3.3: The Gleeble simulator  
 
 
3.3.2 Test-piece preparation 
 
Non-standard test-piece geometry was used for the tensile tests. The received plates of 6 
mm were machined to the required dimension, as detailed in Appendix 1. Due to 
thickness limitations, the specimen was designed in the form of threaded cylindrical 
solid bars without shoulders at either end, as shown in Figure 3.4a.  
 
The initial expectation was that the design would be suitable for high temperature 
tensile tests, since localised resistance heating effectively ensures that elongation occurs 
at the centre of test-pieces. However, after several experiments, the original design 
failed to produce the expected results specific for the experiment at temperatures below 
500
o
C. Specimens were modified with a waisted region, as shown in Figure 3.4b. As 
can be seen from the figure, the specimen was attached to specimen holders before 
being mounted into the Gleeble machine. 
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(a) 
 
 
(b) 
Figure 3.4 The test-piece and holder  
(a) the original specimens (b) the modified specimens 
 
A K-type thermocouple was embedded at the mid-gauge position of the test piece. It 
was used in this experiment because it offers accurate temperature measurement up to 
1300ºC. The thermocouple was connected to the leads that were linked to the 
temperature controller. To run an experiment, the test-piece was fastened to a connector 
before being mounted to copper grips. It was held horizontally by water-cooled copper 
grips, through which electrical power was supplied. A C-gauge was mounted at the test-
piece centre span to record the reduction in test-piece diameter.  
 
Mechanical displacement and an electrical current are transferred to the test piece via a 
static and a moving jaw. Both are water cooled to minimise temperature fluctuations 
during repeated testing. Steel clamps are used to retain the samples within the jaws to 
reduce heat transfer to the jaw, thus minimising the temperature gradient over the test-
piece. Figure 3.5 shows how test-piece was located inside the Gleeble machine. 
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Figure 3.5: The test-piece sitting in the Gleeble machine 
 
 
3.3.3 Test procedure 
 
In these experiments, QuikSim software was used to control the mechanical and thermal 
test sequences. The processor executes test and simulation programmes and collects 
data under the control of the same software. The test-piece was loaded in tension by 
displacement of the copper grip, which is operated by an integrated pneumatic-
hydraulic system. 
 
From the process setting, the load was applied at various chosen times in the thermal 
cycle, as illustrated in Figure 3.6. Temperature, load, elongation and diameter reduction 
were recorded on a computer attached to the machine. In this experiment, since the test-
piece was small, no soaking time was required to allow an isothermal condition to be 
achieved across the sample. Testing occurred over a wide deformation temperature 
range in an argon atmosphere. 
 
 
Figure 3.6: The hot tensile heating cycle 
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The test-pieces were heated using resistive heating, whereby a large alternating current 
is passed through the test-piece at a low voltage. The tests were performed at five 
different temperature levels: room temperature, 250, 500, 750, 1000 and 1250°C. 
Different strain rates were used to determine the visco-plastic characteristic of the work-
piece metal at elevated temperatures. The selected strain rates were 0.1, 1 and 10 s
-1
.   
 The results extracted from the experiments were based on engineering stress and strain 
values. The true longitudinal strain values were calculated by the software, which is 
determined by              
  
     (
  
 
)     3.1 
 
in which do is the initial test piece diameter and d is the instantaneous diameter.   
 
3.4  Heat transfer tests 
 
In order to study the performance in the heat-assisted section rolling process, two types 
of heat transfer test were conducted. 
 
1) The heat conductivity test 
This test is the part of this study that validates the thermal conductivity of the tested 
steel to be adopted in the finite element model. 
 
2) The heat transfer coefficient 
This test was conducted as a countermeasure to the low temperature gradient inside 
the specimen. In this test, the objective is to determine the heat transfer coefficient 
for a Freon hot surface interaction. Freon was introduced into this study to solve the 
low temperature gradient problem found in the original test setup. The obtained 
value will be used in the finite element analysis. 
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In this discussion, Test #1 refers to the heat conductivity and Test #2 to the heat transfer 
coefficient. The test setups for these experiments were almost the same but with specific 
changes, which are detailed below. 
 
3.4.1 The infrared heater 
 
The halogen heater used was a LineIR 5209-10 with a designated energy of 2000 KW, 
manufactured by Research Incorporated, USA. The system incorporated a quartz 
halogen lamp, a cooling system and an electrical power system. The parabolic surface 
serves as reflector to gather light wave fronts emitted by the lamp and direct them into 
the test-piece, as shown in Figure 3.7.  
 
 
Figure 3.7: Main body of the halogen heater 
 
The original piece was reconditioned and had electrical components and a water cooling 
system installed. The completed, refurbished infrared heater is available in Appendix 2. 
   
3.4.2 Test-piece preparation 
 
The test-pieces were cut to the required sizes, as shown in Table 3.2 
Table 3.2:  Test-piece preparation for the heat transfer test 
Test type Specimen size Thermocouple positioning 
Test #1 50 mm x 100 mm 8 points (4 on each surface) - As in Figure 3.8  
Test #2 30 mm x 100 mm 13 points – As in Figure 3.9  
 
After the test-piece had been cleaned, thermocouples were embedded at the chosen 
points.   
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3.4.2.1 Test #1 
 
Four thermocouples were placed on the top and the other four on the bottom of the test-
piece. On each surface, two thermocouples  were located at the centre line with a 10 
mm gap, one at 5 mm  left of the centre line and one at 5 mm to the right of the centre 
line. The location of the thermocouples is shown in Figure 3.8. 
 
 
Figure 3.8: Thermocouple points for thermal conductivity tests 
 
 
3.4.2.2 Test #2 
 
For the second test, thirteen thermocouples were bonded to the selected points, as 
shown in Figure 3.9. Compared to the test-pieces for Test #1, more thermocouples were 
used as a complex heat distribution occurs during rapid cooling. However, various 
points on the heating line (T1, T7, T8 and T13) were only used to check for the correct 
test-piece alignment with the infrared heater. Therefore, the results at these points were 
not included in the data presentation.  
 
 
Figure 3.9: Thermocouples points for heat transfer coefficient tests  
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3.4.3 Test  setup 
 
3.4.3.1 Test #1 
 
The experimental setup for the heat transfer test is shown schematically in Figure 
3.10(a). It includes an electrical halogen heater as a heat source, elevated platforms and 
the corresponding data acquisition system. The test-piece was supported by the 
platforms at two ends. To reduce heat loss to the surrounding area, fiberglass cloth was 
used to cover most of the heater’s top area, as shown in Fig. 3.10(b). 
 
 
(a) 
 
 
(b) 
Figure 3.10: Thermal conductivity test- a) schematic diagram (b) actual setup 
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3.4.3.2 Test #2 
 
The basic test setup was similar to that of the previous heat transfer tests. However, the 
second test used Freon, sprayed onto a test-piece’s top surface. Freon was used because 
it is able to remove heat very quickly, thus creating high temperature differences 
between the top and the bottom surfaces. In this manner, the higher temperature 
gradient required for the four-point hot bending test can be achieved. The thermal and 
physical properties of Freon are included in Appendix 3.  
 
The spraying head consists of a hose holder with a hose inside, connected to the Freon 
source at the other end. The hose holder was clamped to an arm and assembled on a 
stand to allow for the fast positioning of the spray head above the heater for a very short 
time. This meant that the arm could be rotated to move the spraying system to the exact 
position. It is important to minimise the heat exposure time of the spraying system in 
order to reduce gas warming. A plastic hose with a 3 mm outside diameter was used 
create a uniform Freon volume application on the top of the test-piece. It was oriented 
along the axis of the test-piece and was split lengthwise for 10mm to enable Freon to be 
sprayed onto the test-piece. A diagram of the setup for the heat transfer coefficient test 
is shown in Figure 3.11. 
 
Some precautions were taken in order to control this experiment and to minimise errors, 
for example: 
1) A fibre cloth was placed on the heater opening to prevent the light beam from 
heating the spraying hose. 
2) The hose holder was only placed above the specimen for a short time, although this 
was still long enough to obtain the required data. 
3) The experiment was repeated to obtain consistent results. The results obtained were 
used to determine the percentage of error and to validate the accuracy of the results, 
as explained in Appendix 3. 
4) The flow rate was controlled at a consistent volume throughout the experiment by 
pushing the spray head to maximum. Pre-experiment practice sessions ensured that 
a consistent Freon volume was applied to the surface. 
5) The distance between the surface and the spray nozzle was fixed at 15 to avoid wind 
effects. 
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(a) 
 
(b) 
Figure 3.11: Heat transfer coefficient test a) schematic diagram (b) actual setup 
 
3.4.4 Test procedures 
 
3.4.4.1 Test #1 
 
This test had two immediate objectives.   
1)  To determine the optimum distance between the heater and the bottom surface of the 
test-piece.  
2) To determine the temperature history of the selected points during the heating and 
cooling processes.   
 
The first test is important to determine a focal point length of the halogen heater. It must 
be done to maximise the heat energy transmitted to the test-piece. A fibreglass sheet 
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was used to cover an exposed area at the top of the halogen heater in order to minimise 
heat loss to the surrounding area. In this experiment, six determined distances between 
the heater’s opening surface and the bottom surface of the test-piece were observed. The 
set-up test distances were 46, 48, 49, 50, 51 and 52 mm and the test-piece was heated 
for 10 minutes. From this preliminary test, the optimum focal distance was identified as 
being 50 mm in length. 
 
Using an earlier result, the second experiment was repeated only at the 50 mm focal 
length. It was repeated three times, using the same test-piece to maintain the 
consistency of the experimental results.  
 
3.4.5 Test #2 
 
These tests were undertaken in two stages. The first was to determine a suitable cooling 
gas volume to remove heat from the test-piece. To achieve this, different spraying times 
were used and the flow rate was made consistent by pushing the spray head to the 
maximum. The height of the Freon nozzle was set at 15 mm above the test piece’s top 
surface. The process sequence for heating and spraying the Freon is shown in Figure 
3.12. The Freon spray started at instant t=600 sec and the temperature was 510
o
C. Freon 
was sprayed for either 5 or 10 seconds. To ensure the accuracy of the results, each test 
was repeated three times.  
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Freezer sprayed on test-piece’s 
bottom surface 
0
 
Figure 3.12: Process sequence in the heat coefficient test  
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3.5  Four-point hot bending test 
 
This experiment was conducted to investigate how the studied material performed under 
the condition of localised heating. The main objective was to determine the bending 
outcomes at room temperature and at a high temperature.  
 
3.5.1 Test motivation 
 
The initial objectives for the four-point hot bending test are given below. 
 
1) To produce 90o bending. 
Based on an initial analysis, it is possible to obtain 90
o
 bending if the generated 
temperature at the heated region reaches 800
o
C. 
 
2) To produce 90o bending at a lower temperature when a high temperature gradient is 
obtained inside the specimen.  
It was also found that heating as low as 500
o
C with a high temperature gradient is 
able to produce 90
o
 bending.  
 
However, the results were not satisfactory. The test-pieces could not be bent to 90
o
 in 
all the experiments. There were at least two main reasons for this. 
 
1) The temperature generated when using the halogen heater as a heat source was not 
sufficient. The increase in temperature did not lower the flow stress of the material 
sufficiently; thus, plastic deformation could not take place with ease. 
 
2) The test-piece with a 6 mm thickness was found to be too thick to deform into a 90o 
shape with the four-point bending method. 
 
3) As the halogen heater was located below the supports, it limited the minimum 
distance between the supports. A space was needed between the supports to allow 
the light beam to reach the specimen. 
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Below are some solutions to the problems. 
 
1) Covering most of the specimen with fibre cloth reduced heat loss, as shown in 
Appendix 6. However, it was found that there was no improvement in the output 
result. Therefore, this solution was ignored. 
 
2) Using Freon to increase the heat temperature gradient inside the specimen. This 
solution was used in the four-point hot bending test. 
 
3.5.2 Test equipment 
 
In this experiment, the main test equipment consisted of a press machine and a test rig. 
  
3.5.2.1 Press machine 
 
The tests were performed using a 250kN servo-hydraulic, computer controlled, 
tension/compression machine, manufactured by ESH Ltd. The machine is suitable for 
high strain rate tests, as it incorporates a panel controller and a customised software 
package for data collection.  
 
3.5.2.2 Test rig 
 
The main consideration in designing the test rig was that it had to be compatible with 
the 250kN hydraulic press machine. It also needed two compartments to hold the 
halogen heater at the bottom while hot bending tools operated over it. Hot bending 
occurs when strikers move downwards and push a test-piece that is located on the 
support beam. A description of the test-rig design is included in Appendix 4. 
 
 The test rig and the heater are shown in Figure 3.13.  
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Figure 3.13: Full assembly of the test rig that was used.  
 
3.5.3 Test-piece preparation 
 
A total of 18 specimens were used in this investigation. The as-received mild steel was 
cut with a guillotine to strips measuring 20 mm x 100 mm. Among the considerations 
when cutting the test-pieces was to standardise the width of the test-piece at 100 mm, so 
as to achieve plane strain conditions. When the width of a plate is much larger than its 
thickness (more than 10 times), the plane strain condition is considered to be satisfied 
(Yu & Zhang, 1996). All test-pieces were marked on the sidewall to confirm correct 
setting during the bending process. The temperature was measured with a PC-based 
DAQ by using thermocouples type K. The thermocouples were spot welded at selected 
locations on the test-piece, as shown in Figure 3.14. The signals were converted from 
analogue to digital by a data logger connected to the PC.  
 
 
Figure 3.14: Thermocouple location on specimen during 4PHBT 
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3.5.4 Matrix of four-point hot bending tests. 
 
Considering the problems discussed in section 3.5.1, the experiment was re-planned in 
order to obtain sufficient four-point hot bending test results to validate the simulation 
model. In this case, two test conditions were used, as explained below. 
 
1) Bending outcomes at different temperature conditions, namely at room temperature 
and a high temperature settings. For the hot bending process, the test-piece was 
heated up to 500
o
C within 10 minutes. 
 
2) Different gaps between supports and strikers. In this case, a gap between a test-
piece’s mid-point and the supports (inner span) was fixed at 17 mm, while the gap 
between the supports and the strikers/punchers (outer span) were changed for the 
three test conditions at 15, 20 and 25 mm, respectively. 
 
A total of six experiments were conducted with a test-piece arrangement inside the test 
rig, as shown in Figure 3.16. Initially, the inner and outer spans were fixed at 34 mm 
and 10 mm, respectively. The test conditions were then changed, with different outer 
spans of 15 and 20 mm. The test matrix is summarised in Table 3.3. 
  
Table 3.3: The four-point hot bending test plan 
Test 
Temperature 
Max temp. 
(
o
C) 
Bending 
speed 
(m/s) 
Inner span 
(mm) 
Outer  span 
(mm) 
Striker 
Displacement 
(mm) 
No heating  
- 0.5 34 15 15 
 0.5 34 20 20 
- 0.5 34 25 25 
High  
400 0.5 34 15 15 
400 0.5 34 20 20 
400 0.5 34 25 25 
 
3.5.5 Test procedures 
 
The test rig was properly aligned on the press machine by clamping it onto the base at 
the centre of the test machine. The infrared heater was slotted inside the test rig and all 
the cooling systems were connected to the heater. The experimental setup used is shown 
in Figure 3.15. 
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Figure 3.15: Setup for the four-point hot bending test  
 
For the data collection, two data acquisition systems were used in this experiment, 
namely data from the machine and a PC-based data acquisition system (DAQ). The data 
from the machine’s DAQ were used to gather the bending speed during the four-point 
hot bending test. Meanwhile, the PC-based DAQ was purposely used for the 
measurement of temperature of the test-piece during the process.  
 
In conducting this experiment, a specimen was placed on the supporting base, as 
depicted in Figure 3.16.  
 
 
Figure 3.16: Specimen positioning inside the test rig for the four-point hot bending test 
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The test-piece with thermocouples was placed on the bending supports inside the test 
rig. The machine ram was moved down to make initial contact between the striker and 
the top surface of the test-piece. The steps are summarised in Figure 3.17. 
 
 
Figure 3.17: Process sequence in the four-point hot bending test 
 
The process steps are determined as follows: 
 
Step 1-  The test-piece was heated by the infrared heater. The distance between the 
heater and the test-pieces was fixed at 50 mm. The heating time was set for 
10 minutes, until the temperature reached the peak temperature of T1= 500
o
C.  
Step 2- This was followed by spraying Freon onto the back surface. The spraying 
time was set at 1.5 seconds. The flow rate and heating time were controlled 
by pushing the spray head to the maximum and by using a stopwatch. 
Step 3- The final step was the hot bending process. The striker movement was 
controlled by built-in computer software at 500 mm/s.  
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CHAPTER 4 
 
 
 
 
 
EXPERIMENTAL RESULTS 
 
 
 
 
 
 
4.1 Introduction 
 
In this chapter, an analysis of the experimental results described in the previous chapter 
is given. 
  
4.2  Hot Tensile Tests 
 
The primary objective of this experiment was to determine the relationship between 
stress-strain and hot-ductility at four temperature-range settings, between 250
o
C and 
1000
o
C. The thermo-mechanical properties of the studied material were successfully 
obtained for the setting temperatures above 750
o
C. The main problem with the original 
specimen design was due to the root diameter of the test-piece being smallest in the 
threaded area and to the absence of a waisted region to allow necking in the middle 
region. An attempt was then made to use the specimen with a modified waisted region. 
However, even with the new design, the same problem occurred when the specimens 
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did not fail at the C-gauge location. In the end, the modified specimens were unable to 
produce any results for all experiments at temperature settings below 750
o
C. 
 
With not many specimens left, some of the experiments were conducted with fewer 
repetitions. For some of the successful experiments, the specimen failed away from the 
C-gauge location. To correct this, the final necking diameters of each test piece were 
inspected. Correction of error was determined by linearly applying the error over 
deformation time, as suggested by Foster (2007). This ensured that the test had an 
accurately recorded failure strain and improved the flow stress accuracy. The diagram 
to describe the method to correct the data is included in Appendix 5.  
 
Using the methods described above, the flow stress results from the successful tests on 
the Gleeble machine are plotted in Appendix 5. For discussion, sample results at a strain 
rate of 1 s
-1
 and at a temperature of 750ºC are shown in Figure 4.1. Figure 4.1a shows 
flow stress effects for different temperatures, while the strain rate effects obtained at 
750ºC are given in Figure 4.1b. 
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(b) 
Figure 4.1: Flow stress results of S450 steel a) Temperature effects at   ̇ = 1 s-1 
b) Strain rate effects at T = 750
o
C   
 
In Figure 4.1a, a typical temperature-dependent response can be seen in the high 
temperature tests, showing extended ductility and a low peak-flow stress. At 
temperatures of 750ºC, the peak stress was followed by the abrupt onset of material 
failure. At 1250ºC, the flow stress reached a peak value before falling, but with some 
ductility after the peak stress. At 1250ºC, extended ductility after the peak stress is 
apparent, suggesting material softening mechanisms such as recrystallisation and 
recovery were induced. 
 
The second graph shows that increasing the strain rates increases the flow stress. This is 
described as visco-plastic behaviour, where the strain rate affects the flow stress. At low 
temperatures, strain to failure was not affected by strain rates. However, at high 
temperatures, reduced ductility was observed at higher strain rates. This may be due to 
time-dependent softening mechanisms, such as recrystallisation and recovery, which 
occur at high temperatures. A detailed discussion of the material’s behaviour at high 
temperatures is not included, since it is beyond the scope of this research. 
 
The accuracy of the obtained data could be evaluated based on Young’s modulus 
reduction factor, as this occurs at corresponding temperatures. The reduction factor is 
determined by the ratio of the elastic modulus at various temperatures elevated from 
that of room temperature. The results from the hot tensile tests based on the strain level 
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of 0.2% and the strain rate of 0.1 seconds will be used for comparison with results in the 
literature. The test results were plotted and compared, as shown in Figure 4.2. 
 
  
Figure 4.2: Comparison of the Young modulus reduction factors at the elevated 
temperatures 
 
From the graph, it can be seen that there was a considerable discrepancy in the 
reduction factors for the obtained results compared to the others. There are many 
contributing factors for this occurrence. Cooke (1988) has discussed this issue in detail 
and some relevant reasons are listed below.  
 
1) Different tensile test machines have different accuracies for measuring very small 
strains and for achieving a uniform and accurately known temperature over the 
entire gauge length.  
 
2) Inaccuracy in strain measurements will mean that the shape of the stress-strain curve 
is affected. This can make it very difficult to plot a tangent to the curve, producing 
inaccuracies in the Young Modulus.  
 
3) At high temperatures, the soaking period prior to the application of stress in an 
isothermal test can relieve residual stresses which could result in such shrinkage that 
the measured strain in a tensile test is reduced. 
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As explained earlier, the test results were not really convincing and failed to produce 
the full data for the S450 steel. As a solution, the experiment data from previous 
research were been used. In this case, the results from one of the hot-rolled steel types, 
known as S460 steel, have been adopted. At present, many hot tensile tests were 
conducted for S460, while there are no published works for the S450 steel. It is found 
that the S460 has similar material characteristic to S450. It is in the same standard with 
the S450 steel, EN 10025, and has a similar material composition, as summarised in 
Appendix 5. The temperature data in this study has been obtained from Franssen 
(2010), as plotted in Figure 4.3. The stress-strain relationship for the adopted material at 
elevated temperatures is included in Appendix 5. 
 
 
Figure 4.3: Stress-strain relationship for the hot-rolled steel at the elevated temperatures 
(Franssen, 2010) 
 
 
4.3  Heat transfer test 
 
This section discusses the experimental results of the heat transfer test. Two 
experiments were conducted; a thermal conductivity and a heat transfer coefficient test.  
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4.3.1 Thermal conductivity tests 
 
The test was set up with two main objectives. Initially, the focal length of the halogen 
heater was determined. Then, using the known focal length, the heat conductivity tests 
were conducted to measure temperature distribution on the test-piece. 
 
The first experiment was used to determine a suitable distance between the heater and 
the test-piece. Figure 4.4 shows the maximum temperature obtained was at 50 mm. This 
reflects the distance between the focal point of the halogen heater and the test-piece’s 
surface. Most of the heat energy is transmitted to the test-piece, generating the highest 
temperature. This setting was chosen as the optimum distance between the heat source 
and the test-piece in the thermal conductivity test.  
 
 
 
Figure 4.4: Determination of an optimum distance between  
the infrared heater and the test-piece 
 
As in the above figure, maximum temperatures were measured at P1 and P4. This 
occurred because they were located in the middle of the heating line. Temperatures 
were lower at points P2 and P3, as they were located 5 mm offset from the heating line.  
 
The second heat transfer test was on the temperature history of the selected points. In 
analysing the data, some of the measured points have been ignored. The ignored data 
were only used to check the correct alignment of the test-piece alignment in relation to 
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the heating line. Thus, four measurement points at P1, P3, P5 and P7 were identified as 
being suitable for describing the temperature history. The result of this experiment is 
shown in Figure 4.5.  
 
 
Figure 4.5: Temperature history extracted from the thermal conductivity test 
 
A temperature gradient between the front and the back surface is an obvious 
characteristic that is evident in this experiment. According to the graph, the dashed line 
represents the temperature on the back surface, which faced the heat source. The dotted 
line is on the opposite surface. It was determined that the highest temperature was 
detected at P1, as it was located on the heated area. For P3, which is located 5 mm offset 
from the heating line, the temperature was lower than at P1. P5 and P7 have the lowest 
temperatures on the opposite surface. Temperature differences between P5 and P7 were 
very small, as observed on the graph. 
  
Unfortunately, as can be seen on the plotted graph, the temperature difference for the 
corresponding points on both surfaces (between P1 and P5) was only increased to 100
o
C 
after 10 minutes of heating time. From the results, it is obvious that the temperature 
difference between the points on the front and back surfaces is too low. This is because 
the heat flux was too low and heating was not sufficiently rapid. Thus, significant heat 
was conducted from the front to the back surface, resulting in a low temperature 
gradient.  
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 The total heating time was fixed at 10 minutes, since the temperature was almost at the 
peak value as it reached the steady state condition. After the heat was removed, the 
temperature initially dropped very quickly and later slowly decreased to the ambient 
temperature. Heat dissipates from a hot body to the surrounding area until it reaches 
equilibrium, conforming to Newton’s law of cooling.  
 
 
4.3.2 Heat transfer coefficient with spray cooling 
 
As mentioned earlier, a low temperature gradient was not appropriate for the four-point 
hot bending test application. Because of this, spray cooling was used to obtain a higher 
temperature gradient between the front and the back surfaces. Therefore, Freon was 
adopted in this experiment in an attempt to increase the temperature gradient. 
Thermocouples were used to measure temperature on the sprayed surface. It were spot-
welded to the specimen to ensure the measured temperature was from the specimen 
cooling rather than thermocouple itself. 
 
An initial experiment was conducted to obtain a suitable time for the spray cooling 
process. The experimental result is shown in Figure 4.6.  
 
Figure 4.6: Temperature difference between the bottom and top surfaces with cooling 
gas sprayed on the back surface for either 5s or 10s. 
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From the graph, it may be seen that clearly that a spraying time of 5 seconds was 
suitable for maximising the heat removal rate. This determines that a longer cooling 
time is not required to remove heat from the specimen. From the same experiment, it 
also shows that the maximum temperature difference between the front and the back 
surface has been increased, up to 200
o
C.  
 
The second test was conducted with 13 measurement points, using the obtained 
spraying time of 5 seconds. Figures 4.7a and 4.7b show the temperature changes during 
the heating and cooling stages. The results of all the points were consistent, according to 
their distance from the centre line. The rate of temperature drop at point T5 was higher 
than at T2, because a greater volume of Freon was applied to that area.  
 
Figure 4.7b shows that the temperature at points T3 and T6 are similar, due to the fact 
that they are equidistant from the middle of the sprayed area. Also, it can be seen that 
the temperature drop at point T3 is less than it is at T6. This result can also be explained, 
because the location of T3 is 5 mm offset from the middle area when compared to T6. 
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(b) 
Figure 4.7: The temperature measured on the back surface (a) Along the cooled zone 
(b) At the left and right locations of the sprayed zone. 
 
The other points were less important and were only used to check for correct test-piece 
alignment with the heating line. From this experiment, it was found that Freon can 
reduce the temperature by up to 200
o
C on the back surface. Spray cooling was applied 
in the four-point hot bending experiment.  
 
 
4.4  Four-point hot bending test 
 
From the experiments, results for the four-bending test at room temperature and at high 
temperature conditions were determined. 
 
4.4.1 Room temperature bending 
 
The main objective of this experiment was to produce bent test-pieces for comparison 
with the finite element model.  
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(a) Outer span =15 mm  (b) Outer span = 20 mm 
 
 
(c) Outer span = 25 mm 
Figure 4.8: The bent test-piece from the four-point bending test under room temperature 
conditions. 
                        
As can be seen in Figure 4.8, the bending parameters have obviously contributed to 
partial deformation in the four-point bending process. The test-piece with the smallest 
outer span of 15 mm shows severe deformation when compared to the others. 
Therefore, it has a higher tendency to fail close to the support area. This defect has been 
improved, with a smoother bending surface when a higher outer span was adopted, in 
this case 20 mm and 25 mm distances as shown in Figures 4.8b and 4.8c, respectively.  
 
An appropriate explanation for this phenomenon is due to the evolution of stress during 
the four-point bending process. This is because of two main reasons:  
1) Stress concentration as an external force applied to the test-piece.  
2) Inhomogeneous test-piece properties that make certain regions in the test-piece 
respond differently.  
 
Since localisation of plastic bending for all test-pieces was obtained at a similar location 
(close to the supports), stress concentration factors are more dominant. In their study, 
Cui et al. (1992) emphasised that the maximum longitudinal compressive stress of the 
four-point bending condition occurs at the contact point between the test-piece and the 
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support tool. Therefore, a tendency for part failure at the support area increases when 
the gap between the support and the striker become smaller. 
 
4.4.2 High Temperature Bending 
 
The second experiment was conducted at a high temperature. The setup was similar to 
the room temperature test, but with the addition of a heat source. The three test results 
from this experiment are shown in Figure 4.9. The results show the occurrence of a 
bending localisation close to the supports. This is due to temperature dispersing into the 
entire test-piece after it was heated for 10 minutes. Using the halogen heater, thermal 
stress was not really concentrated in the middle region, as required for the purpose of 
this experiment. In the end, bending occurred in a similar manner to normal temperature 
bending, where stress concentration is still the main reason for the localisation of the 
plastic bending of the test-piece close to the support area. An effect of the internal 
temperature during the hot bending process, based on the finite element analysis, will be 
explained later. 
 
     
(a) Outer span =15 mm  (b) Outer span = 20 mm 
 
 
(c) Outer span = 25 mm 
Figure 4.9: The bent test-piece from the four-point bending test at high temperature 
conditions. 
 
The conducted experiments failed to achieve the initial objectives of this experiment. 
Some issues that must be addressed for better experimental results are listed below. 
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1) Using a different type of heat source. The adopted infrared heater radiates 
insufficient power to the test-piece. Therefore, it requires too long a heating time to 
reach a suitable temperature prior to the bending process. The major issue is that 
this hinders the establishment of a high temperature gradient in the test-piece, due to 
extensive heat conduction throughout the test-piece. 
 
2) The main limitation in running this experiment was related to how to achieve a 
balance between the inner span and the required energy that can be supplied to the 
back surface. It is known that a V-shaped profile can be obtained with a smaller 
bending radius. However, it forbids total energy to be transmitted onto the heating 
region, reducing the maximum temperature generated in the test-piece.    
 
3) Using insulation materials to reduce heat loss to the surrounding areas. This is a 
major factor that has a direct effect on the heating rate inside the test-piece. Except 
for the heating region, the other exposed surfaces should be insulated to reduce heat 
loss. However, this would not be a major factor if a high intensity heat source, for 
example a laser, were to be used.  
 
With the available results, a comparison between the experiment and the simulation 
analyses has been made and will be discussed in the following chapter. 
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CHAPTER 5 
 
 
 
 
 
NUMERICAL ANALYSES 
 
 
 
 
 
 
5.1 Introduction 
 
In this chapter, the experimental results from the previous chapter are analysed, using 
numerical and analytical methods. The discussed model had the same conditions as the 
laboratory tests. For the numerical analysis, a finite element method was carried out to 
validate all the input parameters. This method was used for thermal conductivity and 
four-point hot bending. The heat transfer coefficient of a Freon hot surface contact was 
predicted and validated using the finite element method. The result determined the 
reliability of all the parameters used for the planned simulation analyses. 
 
 
5.2 The thermal conductivity tests 
 
The finite element method was adopted in this work. The model was developed in a 
similar manner to the experiment conducted in the previous chapter.  
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5.2.1 Finite element model 
 
The main objective was to find the selected nodal temperatures of the test-piece over a 
time domain.  
 
5.2.1.1 Geometrical model and meshing 
 
 
 
(a) 
 
 
(b) 
Figure 5.1:  A symmetrical model of a thermal conductivity test (a) geometrical (b) 
meshes 
 
 
A two-dimensional (2D) finite element model using an implicit package was developed, 
as shown in Figure 5.1. The test-piece was modelled as a single test-piece with a 6 mm 
thickness. Localised heating was applied to the middle area, adjacent to a symmetrical 
line. The blank model consisted of 1741 linear quadrilaterals with DC2D4 type of 
elements. Fine meshing was implemented close to the heating zone, with coarser 
elements away from that region.   
 
5.2.1.2 Material properties 
 
The temperature-dependent material properties of the S450 steel from previous hot 
tensile tests were used for the transient heat transfer analysis. Physical and thermal 
properties of test-piece materials were obtained from the literature, which is included in 
Appendix 7.  
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5.2.1.3 Interaction properties 
 
Interaction properties influence heat loss to surrounding areas, especially in very fast 
heating and forming processes. Heat loss depends on interaction values. Several 
interaction properties that were used in the model were convection, radiation, and 
conductivity between the tool and the test-piece. 
 
i) Convection film coefficient 
 
The convection film coefficient depends on many factors, such as the type of flow 
(laminar or turbulent), the mechanism of the heat transfer (forced or natural 
convection) and body geometry. There are three modes of convection; forced, 
natural and mixed convection. Theoretically, the coefficient of heat transfer (hfc) is 
usually defined as the rate of heat flow per unit area, q, and the temperature 
difference between the contacting media, thus: 
 
                  5.1 
 
where qc is the total heat transfer, A is the heated surface area, Ts is the surface 
temperature and T is the ambient temperature. The value is easily found in 
engineering handbooks and textbooks such as those by Deng & Kiyoshima (2010) 
and Bejan and Allan (2003). Assuming that the heat transfer to the surface occurs by 
natural convection, thus convection coefficient between the test-piece and the 
surrounding area was set as 20 W/m
2
/K (Incropera & Dewitt, 1993). 
 
ii) Thermal radiation 
 
Radiation is the transfer of heat energy through space. Total heat loss during the 
heat-assisted forming process must be considered and is defined in the specific 
mathematical model. A hot object radiates heat to cooler surroundings. 
Mathematically, the net radiation heat loss rate can be expressed as 
 
        
    
         5.2 
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where   is the Stefan-Boltzmann constant, Th is hot body temperature, T∞ is the 
ambient temperature, Ac is an area of the emitting body and  is the emissivity. The 
emissivity,, takes values between 0 and 1, where the value 1 is characterised by the 
black-body radiation conditions. In this study, the emissivity value used was 0.8 
(Shi et al., 2007). 
 
iii) Gap conductance between tools and test-pieces 
 
Thermal conductivity between the tool and the test-piece arises as a result of contact 
between them. Using an ABAQUS calculation, heat conduction across the interface 
is assumed to be defined by 
 
               5.3 
 
where  q-the heat flux per unit area crossing the interface from a to b 
    k- the gap conductance 
      and   - the temperature of the points on the adjacent surfaces.  
 
In the model, the gap conductance between test-pieces and tools was set at 8 Wm
-
2
K
-1
, as used by Fernando et al. (2004). 
 
 
5.2.1.4 Loading and steps 
 
 
Heat flux as an external loading was applied on the surface. The total heat flux value 
was calculated using a thermal conductivity equation, as shown in Appendix 8. The 
heating band used in the model was 1 mm in width, as obtained from the heater 
specification (Research Inc., 2009). The heat intensity was divided into four heating 
zones in order to follow Gaussian heat distribution (Long et al., 2008; Tsirkas et al., 
2003). Using Gaussian distribution, peak temperature occurs at the centre point and 
reduces towards the outer region. Figure 5.2 illustrates the volume of heat intensity 
applied to the specimen surface in the developed model. 
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Figure 5.2: Heat flux distribution as applied to the heating surface (a) The volume of 
heat flux applied to the respective rows (b) The applied rows in the model. 
 
This model consists of two subsequent processes, heating and cooling steps. The heat 
flux was applied for 600 seconds in the heating stage, followed a cooling stage of 
another 600 seconds.  
 
Figure 5.3: The measurement points in the heat transfer conductivity tests. 
 
Temperature data at four points were investigated in this study. Figure 5.3 shows the   
chosen points, T1, T3, T5 and T7, which are similar to the measurement data from the 
thermal conductivity test. The other points have been omitted, since they were only 
used for checking for any misalignment between the test-piece and the halogen heater. 
 
 
5.2.2 Comparison between experimental and simulation results 
 
 
The results of the four selected points are shown in Figure 5.4 (a) & (b). The graph 
shows the temperature as a function of time at the selected point, based on the 
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experiment and simulation results. Temperature rises from room temperature until it 
reaches the peak. When the heating energy is removed, the temperature drops sharply 
before slowly flattening at a higher equilibrium temperature. . Figure 5.3(a) shows that 
the calculated T1 temperature is continually lower than those obtained in the 
experiment. The T1 peak temperature, as obtained numerically, is 511
o
C, which is 
slightly lower than the experimental result of 523
o
C. A similar trend was observed for 
the T5 point located on the opposite surface.  
 
For points T3 and T7 in Figure 5.3(b), the temperature histories have a similar pattern 
and a very small discrepancy. The maximum error between the simulation and the 
experiment results at the cooling stage is about 5%.  
 
 
(a) 
 
(b) 
Figure 5.4: (a) Temperature history on the symmetry line (b) Temperature history 5 mm 
away from the symmetry line 
78 
 
A small error between the experimental and the simulation analysis was expected and 
could not be avoided. Many factors affect the disparity between the results, among them 
ambient temperatures and errors in data collection. In addition, the estimation value 
used for the heat transfer coefficients and the interaction properties also contributed to 
errors in the results.  
 
Based on the results, the finite element result is within an acceptable range. This proves 
the validity of the thermal properties used, as defined by the studied material.  
 
 
5.3  Heat transfer coefficient 
 
Freon was used in the four-point hot bending to increase the temperature gradient 
between the top and bottom of the metal surface. Because of this, a heat transfer 
coefficient for Freon and for the hot metal surface interaction must be defined. It is 
difficult to determine the exact heat transfer coefficient, since it depends on various 
factors such as flow rate, vapour concentration, the droplet density, pressure and 
airflow. Therefore, the estimated heat transfer coefficient from previous research was 
adopted and validated, based on the temperature history obtained from the previous heat 
transfer test. 
 
There is much research on the heat transfer coefficient for Freon. In many case, the 
obtained results were presented as a range of the estimated heat transfer coefficient 
based on the specific test condition. Sugitani et al. (1986) estimated the heat transfer 
coefficient to be in the range of 1200 to 3000 Wm
-2
K
-1
. Holman et al. (1965) revealed 
that the heat transfer coefficient under forced convection is 5000 Wm
-2
K
-1
. Cavallini et 
al (2002) revealed that surface temperature contributes to the local heat transfer 
coefficient. He revealed that at 30°C, the heat transfer coefficient is 7900 W/m2-K and 
drops down to 5060 Wm
-2
K
-1
at 60°C, with a 36% reduction. Balakrishnan and Mohan 
(2008) revealed that heat transfer coefficient is 1500 Wm
-2
K
-1
for the maximum vapour 
quality.  Several findings on the heat transfer coefficient are shown in Figure 5.5. 
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Figure 5.5: Heat transfer coefficient from previous studies.  
 
As known, the heat transfer coefficient for freon-hot surface interaction is varies. It was 
also found that heat transfer coefficient at lower surface temperature tend to rise than 
one at high surface temperature (Jabardo et al, 2000). This was because the thermal 
resistance of the film attached to the tube surface is inversely proportional to the 
thermal conductivity of the liquid. Considering the condition of this experiment where 
high temperature and a higher flow rate of Freon has been applied, the estimated value 
was chosen as 1000 Wm
-2
K
-1
. This has been verified by comparing the previous heat 
transfer test with the finite element result as discussed in the subsequent topic. 
 
5.3.1 Finite element model 
 
In order to verify the reliability of the estimated heat transfer coefficient, a comparison 
of the temperature history from the experiment and the obtained simulation result was 
made. A finite element analysis, similar to the heat transfer coefficient test was then 
developed.  
 
5.3.1.1 Geometrical model and meshing 
 
The geometrical and meshed models of a metal plate are shown in Figures 5.6(a) and 
(b).  
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(a) 
 
(b) 
Figure 5.6:  Heat transfer coefficient test (a) geometrical (b) meshes 
 
 
5.3.1.2 Material properties 
 
In this numerical analysis, all the material properties of the test-piece were similar to the 
completed thermal conductivity tests.  
 
5.3.1.3 Boundary conditions 
 
In this model, the boundary condition and interaction properties were similar to the 
previous heat transfer analysis. Two types of convection coefficients were used in this 
model, a sprayed and an unsprayed surface. For the sprayed area, the estimated value 
was fixed at 1000 Wm
-2
K
-1
. For the remaining surface, the interaction between the 
work-piece surfaces with the surrounding occurs naturally, as obtained from Biswas et 
al, (2007).  
 
5.3.1.4 Process steps 
 
The analysis comprised a heating and a cooling step. Initially, a plate was heated to 
peak temperature with the infrared heater. The time was set for 600 seconds before it 
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was cooled for 5 seconds. In this analysis, the targeted temperature was 500
o
C after 600 
seconds of heating time. It was then followed by the cooling process, which was done 
by spraying Freon onto the back surface. During this process, the halogen beam was 
continuously applied to the metal.  
 
5.3.2 Measuring points 
 
Six selected nodal points identical to the experiment were used. Figure 5.7 indicates the 
location of the selected points on the top and bottom surfaces. 
 
Figure 5.7: The measurement points in the HTC validation. 
 
5.3.3 Test results 
 
From this analysis, the temperature histories of the selected points on the test-piece are 
shown in Figure 5.8.  
.  
(a) 
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(b) 
 
(c) 
Figure 5.8: Comparison between simulation and experimental results tested with a heat 
transfer coefficient = 1000 Wm
-2
K
-1
. 
 
The figures show good agreement between the measured and the calculated 
temperatures. From Figure 5.8(a), T11, located at the centre of the test-piece, performs 
the highest temperature drop due to the high volume of Freon. When the process 
continued, slower cooling rates occurred until they reached a similar minimum 
temperature of 200
o
C. Similar trends were found for the other points, as shown in 
Figures 5.8(b) and (c). This phenomenon can be explained by Newton’s law of cooling. 
Temperature drops at point T10 and T9 were less than at T11, because they are located 5 
and 10 mm away from the centre point.  
 
Temperature drop occurs within 5 seconds before and goes up again, due to heat being 
continuously applied to the bottom surface. At the end of the cooling time, the 
83 
temperature in the experiment had not increased drastically when compared to the 
simulation, because a small amount of Freon still reached the metal surface. In the 
simulation, the setting time of the external load was more precise than that of the 
experiment.  
 
The second issue is that the temperature history of the top surface is slightly higher in 
the result of the experiment, due to the effect of the surrounding area. Ambient 
temperature for the simulation model was fixed at 22
o
C, which is lower than in the 
actual experiment, as it is conducted in a closed area. Therefore, heat loss occurred 
slightly faster in the simulation analysis. This error can be reduced with a better 
modelling setup, such as by using amplitude and a subroutine to control loading 
characteristics. A precision loading condition was not implemented in this analysis.  
 
The graph reveals the accuracy of the heat transfer coefficient value to be used in the 
four-point hot bending simulation analysis. The obtained heat transfer coefficient is 
applied for the hot bending analysis, and will not be considered in developing the heat-
assisted section-rolling process.  
 
 
5.4 Four-point hot bending test  
 
The main objective of this analysis is to develop a simulation model of the four-point 
bending test and to compare the results with the experiment. The reliability of all the 
input parameters for the planned finite element analysis has been determined from this 
work.  
  
5.4.1 Finite element model 
 
Two types of model were developed, namely a room temperature and a high 
temperature-bending model. Both of them replicate the conducted experimental setup. 
The complexity of the high temperature bending will be explained in more detail. The 
model setup for room temperature bending will be added to this discussion, if 
necessary. 
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5.4.1.1 Geometrical model and meshing 
 
Both test conditions were developed with a similar geometrical model and meshing 
configuration, as shown in Figure 5.9.   
 
(a) 
 
(b) 
Figure 5.9: Four-point hot bending test model (a) geometrical (b) meshes 
 
For the high-temperature bending model, the implicit method compatible with a heat 
transfer analysis over a very long time domain (600 sec) was adopted. In this step, a 
four-node quadrilateral heat transfer element (DC2D4) was adopted. 
 
A selection of the element type is crucial for the high-deformation bending process. One 
major consideration in element meshing of bending processes is avoiding the shear 
locking problem. Shear locking is a numerical phenomenon in finite element analysis of 
a structure that is subjected to shear bending deformation. The cause of shear locking is 
excessive shear strain energy at the integration points that are used to calculate the 
element stiffness matrix. Among the best solutions is using very fine meshing, but this 
will significantly increase the computation time. Shear locking only affects the 
performance of fully integrated, linear elements subjected to bending loads.  
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Considering the above problem, the developed model for both test conditions was the 
reduced integration of the explicit algorithm element to satisfy the real test conditions. 
For the high temperature bending, the test-piece was meshed with a four-node plane 
strain thermally coupled quadrilateral element with reduced integration (CPE4RT). The 
room temperature bending model used a bilinear four-node quadrilateral plane strain 
analysis with reduced integration (CPE4R).   
 
5.4.1.2 The material properties 
 
In the finite element model, the test-piece was assumed to be a continuum body, 
isotropic and homogeneous, representing that the condition of the material properties do 
not vary with direction or orientation and that properties are identical at all the points. 
Similar to the previous analysis, the material specifications for both test conditions were 
obtained from the experimental results and from the literature. The properties of the 
materials used and their sources are listed in Appendix 7. 
 
5.4.1.3 Process steps 
 
For the high temperature bending, the process step was divided into two: thermal and 
bending. The thermal step was analysed with implicit codes, while the explicit codes 
were used to simulate the bending step. These codes are available in the ABAQUS 
packages. The description of each process is given below. 
 
Step 1 - Heating  
This step was used to determine the temperature distribution inside the test-
piece while it was heated and sprayed locally on the opposite surfaces. Two 
subsequent processes were used, infrared heating and Freon spray cooling. The 
heat flux was applied to the test-piece for 1200 sec. This was followed by spray 
cooling on the part thickness. 
 
Step 2 - Bending  
The temperature dependant output data from step 1 were transferred to the 
second analysis. Hot bending was simulated by using the explicit coupled 
thermal-displacement method. The striker velocity was set at 500 mm/s. 
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For the room temperature bending, the model was simulated using a single bending step 
of plane strain analysis without precedent thermal analysis. A similar velocity was 
defined for the room temperature bending process. 
 
5.4.1.4 Boundary conditions 
 
The initial settings for the model were set based on the suitability of the model with 
regard to the actual test conditions. Similar boundary conditions were used in both the 
implicit and in the explicit analysis. For high temperature bending, the boundary 
condition in each step was as follows: 
 
Step 1 - Heating 
In this analysis, a single test-piece was used. Thermal interaction with the 
surrounding area was defined, with the applied ambient temperature at 22
o
C. 
The other boundary conditions used were a localised heat transfer coefficient 
for the Freon, which was adopted from the conducted test. The remaining 
surfaces were kept at natural convection. The interaction for all the exposed 
surfaces was defined by the film convection and the radiation emissivity value.  
 
Step 2 - Bending  
In addition to the above settings, additional boundary conditions were used in 
this step, mainly related to the position and to the thermal interaction value. 
Among them were friction and thermal conductivity. The details are listed in 
Appendix 7.   
 
5.4.1.5 Test conditions 
 
The test matrix was set up for the three outer span lengths. The outer span is defined as 
the distance between the striker and the support. The settings were at 15, 20and 30 mm. 
Simulations were conducted at both room and at high temperature conditions.   
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5.4.2 Comparison between the simulation and the experimental results 
 
This section presents the finite element results for the four-point hot bending in order to 
check the experimental results. This discussion is divided into two test conditions:  the 
room temperature and the high temperature processes. 
 
5.4.2.1 Room temperature bending 
 
The first discussion concentrates on the final bending output at room temperature 
without the heating parameter effects. From the specimen testing analysis, the condition 
and the corresponding experimental outcomes are shown in Figure 5.10.  
 
Test type 
Test 
condition 
Experiment Simulation 
Outer span 
 =15 mm 
 
 
Outer span  
=20 mm 
 
 
 
Outer span  
= 25 mm 
 
 
 
 
Figure 5.10: Comparison of the experimental and the FE analysis at room temperature. 
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Initial observation of the bending output in the above figure reveals compatibility with 
the finite element analysis to simulate the four-point bending process. All the cases 
show that the results obtained from the experiment and from the simulation analysis are 
similar.  
 
A brief comparison between the experiment and the simulation was made, based on the 
figure above. It was visually determined that the stress concentration was much severe 
in the smallest outer span at a very short distance; in other words, at the 15 mm setting. 
The close gap between the loading force and the supports reduced the bending moment, 
as established in the test-piece. In this case, localisation of plastic bending occurred on 
the supports.  
 
For the bigger gap in the other two cases, the results were better. A smoother test-piece 
contour showed that deformation occurred in pure-bending conditions. It was 
determined that the gap between both the striker and the supports must be properly 
aligned to avoid test-piece fails away from the centre area. 
 
 
Figure 5.11: Distance of test-piece edges (S) from the room temperature test 
 
 
The other comparable variable is the distance between the test-piece edges (S). The 
measured and calculated results were plotted in Figure 5.11. As can be seen, the highest 
percentage of error was observed at the smallest outer span. The percentage of errors for 
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the three test conditions at 15, 20 and 25 mm outer span are about 6%, 2% and 1%, 
respectively. This dictates that the percentage of errors became smaller at the higher 
outer span setting, which could be explained by the transformation of the elastic-plastic 
zone and the spring-back effect in the bending process.  
 
At the longest outer span (25 mm), this occurs under the elastic bending condition 
where the elastic material model is accurately calculated to the final bending output. At 
the shortest outer span (15 mm), a more plastic region develops on the outer surface and 
contributes to the elastic-plastic material characteristic. In this case, the material model 
used was more complex and a small increase in error was determined in the calculation 
(Yu & Zhang, 1996). 
 
5.4.2.2 High temperature bending 
 
The second analysis is of the high temperature bending tests. For this purpose, the first 
observed case is of the temperature history throughout the entire process. In this case, 
the measured and calculated temperatures of two middle points were used to determine 
the accuracy of the input parameter in the finite element analysis. Figure 5.12 shows the 
temperature history during the heating process and during the bending process. 
 
 
(a) 
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(b) 
Figure 5.12: The temperature history during the four-point hot bending test (a) at the 
heating stage (b) at the bending stage 
 
The plotted temperature history verifies that an initial heat transfer characteristic was 
successfully modelled in the finite element of the high temperature bending process. 
With the corresponding point T1 at the top (cooled surface) and T2 at the bottom (heated 
surface), the result shows a similar curve that can be assumed to be almost identical 
throughout the process. In this case, small discrepancies between the two analyses are 
expected due to some discrepancies in collecting data, such as the effect of a hot 
surrounding area and inconsistencies occurring during the spray cooling time. 
 
The temperature distribution contributes to the final bending output and was analysed 
based on the experiment and the simulation results. The finite element results obtained 
are shown in the respective experiment output in Figure 5.13.   
 
The figure revealed that the results from the finite element analysis are similar to those 
of the experimental analysis. The results reveal that the localisation of plastic bending 
occurs near to the supports. This occurs when the increase in temperature does not 
lower the flow stress for the heated region and thus elevate the plastic deformation in 
the middle area. The finite element results confirmed how the stress concentration 
occurs at the support area.  
.  
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Test type 
Test 
condition 
Experiment Simulation 
Outer 
span  
=15 mm 
 
 
 
 
 
 
Outer 
span  
= 20 mm 
 
 
 
 
 
Outer 
span  
= 25 mm 
 
 
 
 
Figure 5.13: Comparison of experimental and FE analysis at high temperature 
conditions. 
 
 
The second analysis results in the gap obtained after the forming process. Figure 5.14 
shows the result for the work-piece edges as obtained from the experiment and from the 
simulation. Differences between the experiment and the simulation results for settings at 
15, 20 and 25 mm were calculated as 4%, 2% and 15%, respectively. The results show 
that the smaller outer span reduced the bending moment applied on the plate, finally 
producing smaller bending effects. As in the previous room temperature bending 
conditions, this also revealed that the bending radius is an important parameter that 
must be considered in setting up the process. In the meantime, a smaller percentage of 
error was obtained compared to the room temperature test, because the localisation of 
bending at the support reduced spring-back. 
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Figure 5.14: Test-piece edges (S) distance from the high temperature test 
 
 
A critical issue in both the analyses is the localisation of plastic bending occurring close 
to the supports. The problem was found to be more severe in the high temperature 
bending process. It is understood that this is due to stress concentration during the 
bending process. To understand this, further analysis of temperature distribution at the 
high temperature setting was made, as depicted in Figure 5.15. The result shows how 
temperature distribution dispersed into a larger area when a slow heating process of the 
halogen heater was used. In the meantime, the heat dissipated quickly when it reached 
the supports that acted as a heat sink. Given this condition, reducing the material flow 
rate was not sufficient and we were unable to obtain plastic deformation at the centre 
area.  
 
 
Figure 5.15: The generated temperature inside the test-piece 
during the high temperature bending 
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This investigation did not consider issues such as strain-stress evolution. The test-
piece’s strain evolution was not measured, since the obtained results did not achieve the 
target of V-shaped bending at high temperatures. From both analyses, the investigation 
successfully validated all the input parameters to be used in the posterior simulation 
analysis.  
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CHAPTER 6 
 
 
 
 
 
HEATING CHARACTERISTICS OF  
THE DEVELOPED PROCESS 
 
 
 
 
 
 
6.1 Introduction 
 
This chapter presents a numerical analysis performed on the four-point hot bending 
tests. The main concern was to study the efficiency of a high-intensity heat flux in 
obtaining a maximum temperature gradient. The effects of temperature on section 
thickening and neutral axis shift were investigated.  
 
6.2 Finite Element Analysis 
 
Compared to the previous investigations, an improvement was made in the model to 
gain a better temperature gradient by adopting a high intensity heat flux. For this reason, 
a very short heating time was used and no spray cooling was applied to the top surface. 
The other conditions are explained below. 
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6.2.1 Geometrical and meshing model 
 
The hot bending process examined in this work is illustrated in Figure 6.1. The model 
consisted of a test-piece of 6 mm thick plate, together with a support and strikers. Both 
tools have the same radius and are considered to be rigid parts.  
 
(a) 
   
(b) 
Figure 6.1: The finite element model of the hot bending process (a) geometrical (b) 
meshes 
 
Geometrical and meshing models are illustrated in Figures 6.1 (a) and (b), respectively. 
The developed model was based on a plane strain coupled thermal-displacement 
analysis, calculated with the explicit method. By considering a symmetrical analysis, 
only half of the model was taken into account.  
 
A gradual element size, transforming from a fine type in the region close to the 
symmetrical line to a coarser type in remote regions, was introduced. This is important 
in order to avoid localised strain gradients (Li et al., 1999). In addition, coarse meshes 
were used to reduce the calculation times. The same mesh model was used in both the 
thermal and in the structural analysis, with the total elements set at 1800 elements. 
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The type of element was defined as a continuum plane strain and reduced integration of 
first order, or CPE4RT element. By definition, this element refers to a plane strain 
coupled thermal-displacement, together with reduced integration and hourglass control. 
The reasons for using this element are as follows: 
• Continuum - the element consists of a single homogeneous material. This element is 
suitable for linear analysis and for complex non-linear analysis that involves 
contact, plasticity and a large deformation.  
• Plane strain element - the bending process is considered to be a plane strain because 
the width of the test-piece is considered to be much larger than the thickness. 
• 4-node bilinear – this is the most suitable element for in-contact or severe element 
distortion. However, mesh refinement must be done in crucial areas, because coarse 
meshes give poor results. 
• Reduced integration - a number of integration points are sufficient for strain 
integration. It is used to remove shear-locking modes that occur with coarse meshes. 
• Hourglass control - eliminating the no-straining condition on the integration points 
by adopting a small artificial stiffness is associated with zero-energy deformation 
modes.  
 
 
6.2.2 Assumptions 
 
Several assumptions were included in the model, some of which have already been 
discussed. Among them are: 
1) The test-piece is initially straight, unstressed and symmetric. It is also linearly 
elastic and visco-plastic, homogeneous and isotropic.  
2) Young's modulus for the material is the same in tension and under compression.  
3) The thermal conduction coefficient for heat transfer between the test-piece and the 
tools is neglected, since such contact occurs in a very small area,  
4) The effect of high temperature failure, such as creep, is not considered because the 
material is at a high temperature for a relatively short period of time. 
5) Spring-back occurrence when the load releases was not determined. 
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6.2.3 Material properties 
 
 
All the material properties of the test-piece were the same as those used in the previous 
analysis.  
 
 
 
6.2.4 Boundary conditions 
 
 
The boundary conditions in this analysis were translation and thermal requirements. A 
horizontal distance between the striker and the support was specified at 20 mm. The 
value used was comparatively larger than the striker diameter, in order to eliminate 
excessive shear bending occurring inside the test-piece.  
Line contact between the tools and the work-piece was assumed. The tools were defined 
as the master, while the test-piece surface was the slave part. A coefficient of friction 
was defined to represent the resistance to the relative sliding motion of the surfaces. In 
this study, the friction coefficient was assumed to be constant at 0.2. This is commonly 
used for metal-to-metal interaction. 
 
The test-piece loses heat from its surface towards the air by radiation and convection. In 
the model, the thermal emissivity was set at 0.8, as suggested by Kumar and Bhaduri 
(1994). Natural convection with temperature dependency was obtained from Biswas et 
al. (2007). The test-piece interacted with the surrounding ambient temperature, which 
was set at 22
o
C.  
 
6.2.5 Treatment of heat input  
 
Most of the previous hot forming studies used temperature as a setup parameter. Among 
them were those of Male et al. (2000), Chen et al. (2001) and Dobrzanski et al. (2005). 
Controlling the temperature ensures that a constant heat flux is monitored under various 
process settings. For this reason, the first analysis focused on the identification of heat 
fluxes for all process settings.  
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Using the determined heat flux, the second analysis specifically concentrated on the 
thermo-mechanical bending of 6 mm metal plates. The following factors were 
investigated:  
 
1) Work-piece at room temperature or 500oC, 700oC or 900oC. 
2) Heating time at 0.5, 1 and 2 sec 
3) Heating band at 2, 4 and 6 mm 
 
The test programme is summarised in Table 6.1.  
 
Table 6.1: Case studies for four-point bending tests of a 6 mm thick test-piece 
 
Heating band 
(mm) 
Heating 
time 
(sec) 
Targeted 
Temperature 
(
o
C) 
Heat flux  
(W/m
2
C) 
Room 
Temperature 
No heat flux 
High 
Temperature 
2 0.5 900 1.24x10
7
 
4 0.5 900 1.50x10
7
 
6 
0.5 
500 9.10 x 10
6
 
700 1.22x 10
7
 
900 1.51 x10
7
 
1 900 10.7x10
6
 
2 900 7.70x10
6
 
 
 
6.2.6 Time step 
 
In this analysis, the simulation consisted of three continuous steps. 
 
Step 1 - Heating 
The test-piece was heated at its mid-length using a high intensity heat flux. The 
temperature increased drastically until it reached the targeted value within the 
specified heating time. The analyses were performed at three selected process 
times: 0.5, 1 and 2 seconds. 
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Step 2 - Bending  
Bending occurs when the strikers move down from their original position. The 
displacement of the striker was specified by a speed of 1 m/s for a distance of 
20 mm. Therefore, the setting was fixed at 0.02 seconds. 
 
Step 3- Striker moved up 
At the end of the process, the tool was retracted 5 mm upwards within 0.05 
seconds. 
 
Another important issue that must be considered is time increment and its relation to the 
size of the elements. A short increment time causes a long processing time without 
necessarily improving the accuracy of the results. Also, element sizes must be 
proportionate to time increments. If the elements are too large or the time steps are too 
small, the calculations will not converge. An automatic time increment was applied in 
the model. Besides the time increment, another defined factor in this simulation was 
mass scaling. It is common to mass scale the model by increasing the material density in 
order to considerably reduce the simulation time, without seriously affecting the final 
simulation results. In this study, mass scaling was used only for the heating step at a 
target time increment of 1 x10
-6
.  
 
 
6.3 Simulation results 
In this section, temperature distribution and the bending effects of the first two steps 
will be discussed. 
 
6.3.1 During the heating stage 
The temperature distribution due to localised heating was analysed. The generated 
temperature was initiated by a heat flux on the metal surface.  
 
6.3.1.1 Heat flux 
The preliminary analyses were used to determine the correct heat flux values to be used 
in each model.   
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Figure 6.2:  Combination of heat flux and peak temperature at different heating 
 bands and for part thickness at 0.5 sec heating time 
 
 
The results shown in Figure 6.2 provided the main reference in the later finite element 
analysis. They showed that the smaller heating region required a higher heat flux value 
to achieve the targeted peak temperature. Also, a linear correlation was found between 
the total heat energy and the maximum temperature in the present analysis, based on 0.5 
seconds of heating time. With these data, the estimation of the heat flux can be used to 
determine other unknown heat flux values. The linear relation data are only valid for a 
short heating time and may be different if the heating time increases, due to heat loss 
from convection and radiation. 
 
6.3.2.1 Temperature gradients 
 
The second analysis was on the temperature gradient in the test-piece, as the anticipated 
results determined the reliability of the proposed process. The results revealed that the 
application of a high intensity heat flux can produce an immense temperature difference 
between the top and bottom surfaces. For example, the obtained temperature gradient 
for a plate of 6 mm thickness is shown in Figure 6.3.  
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Figure 6.3: Temperature profiles from the half-section of a symmetrical model at the 
peak temperature = 900
o
C (Heated for 0.5 sec with heat intensity 1.51 x10
7 
W/m
2
C) 
 
 
The temperature distribution generated from a 1.51 x10
7 
W/m
2
C 3 mm heating band, 
heated for 0.5 seconds, was restricted to a small area close to the heat flux region. At the 
end of the heating process, the temperature at the bottom reached 900
o
C as a targeted 
temperature, while the opposite surface was still at room temperature. The same results 
were obtained for different part thicknesses. 
 
The temperature history at the designated points for different heating times is shown in 
Figure 6.4. The temperature at the bottom increased quickly from normal to the 
maximum temperature, 900
o
C. The temperature then dropped rapidly at the beginning 
of the bending process before slowly stabilising as bending continued. 
 
 
Figure 6.4: Temperature history for part thickness at 6 mm, heating band at 6mm   and 
heat flux1.51 x10
7
, 10.7x10
6
, 7.70x10
6 
W/m
2
C for 0.5, 1, and 2 sec, respectively. (Solid 
line for the heating node and dash line for unheated node) 
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The above graph also shows that adopting a higher heating time reduces the temperature 
differences between the surfaces. Specific to this case, the temperature difference 
obtained for 0.5 seconds of heating time was about 820
o
C. Temperature differences 
became lower at 730
o
C and 620
o
C at 1 and 2 seconds of heating time, respectively. The 
result revealed that high intensity energy is a paramount factor for a maximum 
temperature gradient in the heat-assisted roll-forming process.  
 
In the case of the heating band variances, Figure 6.5 shows the typical temperature 
distribution at the end of the heating process for three heating bands at 2 mm, 4 mm and 
6 mm, respectively. The observed results are based on a 900
o
C peak temperature after 
0.5 seconds of heating time.  
 
 
 
Figure 6.5: The temperature profiles of  the  FE analysis under the different heating 
bands (Heated for 0.5 sec with heat intensity 1.24x10
7
, 1.50x10
7
, 1.51 x10
7 
W/m
2
C on 
2, 4 and 6 mm test-piece, respectively) 
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The figure reveals that a bigger heating band contributed to higher temperature 
dissipation inside the test-piece. However, in bigger heating bands, the heat is not 
conducted as far into the plate because the heat loss due to convection and radiation is 
higher than is the thermal conductivity. This condition is more severe in bigger heating 
bands.  
 
6.3.2 During the bending stage 
 
In the second stage, the flat test-piece was bent. The deformation process mainly occurs 
at a localised heat-affected zone in the middle region. Within the bending process, 
elastic deformation was initially concentrated in the central region and steadily 
expanded to the test-piece surface due to the striker’s displacement. At the end of the 
bending process, permanent deformation occurred in the middle region, while the other 
area away from the bend was not deformed. For comparison, Figure 6.6 shows four 
simulation results from the FE analysis after heating to four different temperatures.  
 
 
Figure 6.6: Axial stresses (S11) for the bended model after bending process 
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6.3.1.1 Neutral axis shift 
 
A neutral axis shift has some effect on the bending characteristics and could change the 
location of the region of failure in the test-piece. During the bending stage, large 
sections on the left and on the right in the lengthwise direction of the test-piece did not 
deform, as shown in Figure 6.7. The deformation only occurs in the middle around the 
heated area. In this particular region, deviation of the neutral axis from the original 
location occurs and is analysed. 
 
 
(a) 
 
(b)  
105 
 
(c) 
 
(d) 
Figure 6.7:  Axial stress along the bending process at (a) room temperature,  
 (b) 500
o
C, (c) 700
o
C and (d) 900
o
C.  
 
From the above figures, the stress distribution across the test-piece illustrates the 
movement of the neutral axis. The results revealed that the neutral axis moved towards 
the compressive region under all test conditions. These results were used to identify the 
effect of temperature on the final bending outcome. Firstly, they can be used to describe 
the relationship between the temperature conditions, and the process outcome is axial 
stress in the bending region. In this case, the neutral axis location has been determined 
from the zero axial stress value across the selected nodes on the symmetry line. During 
the bending process, dislocation of the neutral axis occurs and has been identified based 
on the striker’s displacement from the original position. For this purpose, Figures 6.7 (a) 
to (d) are used to determine the neutral axis shift during the bending progress, based on 
the axial stress distribution.  
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Starting with the room temperature condition, the result revealed that the original 
neutral axis position prior to the bending process was exactly on the central line. As 
bending progressed, the neutral axis gradually shifted closer to the inside surface, or 
compression side, of the bend. For room temperature bending, the final location of the 
neutral axis after bending was about 0.5 mm closer to the inside surface. The obtained 
result conforms to the explanation by Lascoe (1998), in that the distance from the inside 
surface to the neutral axis is usually about 40% of the thickness. 
 
From the finite element analysis, the results of an axial stress transformation on several 
nodes on the symmetry lines were plotted, as in Figures 6.7b to 6.7d, for elevated 
temperature conditions. The results show similar stress distribution during bending for 
all hot bending test conditions. However, the movement of the neutral axis at room 
temperature is different from that at the elevated temperature. As can be seen from the 
graph, at the initial of stage before bending occurred, the zero stress condition was 
diverted away from the central line due to thermal stresses during the heating process. It 
was found that, at the initial bending stage only, the neutral axis moved towards the 
outer surface. As bending progressed, the neutral axis shifted closer to the inner surface. 
 
The neutral axis shift during the bending of the sheets can be observed by a translation 
of the neutral axis compared to its initial position in the middle of the thickness, y, and 
related to the instantaneous thickness, h. The results of this analysis are presented in 
Figure 6.8. 
 
Figure 6.8: The neutral axis shift against striker displacement 
under different temperature settings 
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The results also revealed that the shift of the neutral axis increased with temperature. 
The result indicated that the selection of the temperature value has a direct result on the 
final quality of the hot bending product.  
 
6.3.2.1 Sectional thickening 
 
The section thickening analysis concentrated on the bending region of the thermo-
mechanical bending results. According to general understanding, it occurs due to 
material expansion under the influence of heat, together with the compression effect on 
the inside surface, especially at the spot-heated area.  
 
Section thickening during the bending of the test-piece can be obtained, based on a ratio 
of instantaneous thickness, h, and related to the initial thickness, ho. The relationship 
between temperature and section thickening has been plotted in Figure 6.9.  
 
 
 
Figure 6.9: Sectional thickening effect after the hot bending process. 
 
The graph shows the direct effect of temperature-assisted bending in establishing a 
thicker bending region. The localised heat bending assists in section thickening, which 
does not occur at room temperature. This phenomenon is in good agreement with the 
experimental result of Edwardson et al. (2007). For room temperature bending, the 
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percentage of section thinning is about 1% of the original part’s thickness. Under hot 
bending, section thickening is proportionate to the temperature value. From the graph, 
the section thickening increase is very small at a temperature of 500
o
C. In contrast, the 
thickness increases increasingly faster with higher temperatures, such as at 700
o
C and 
900
o
C in the present analysis.   
 
In all the cases, it can be seen that a change in part thickness occurs within a limited 
bending period. As shown on the graph, thickness changes reach a maximum value after 
the striker moved half of its maximum stroke. It is pointed out that section thickening 
affects the residual strain establishment at the bulging area of the test-piece. 
 
In describing the phenomenon of the hot bending process, material contraction occurs 
due to rapid heat dissipation from the test-pieces. When an element becomes thicker, its 
volume remains constant. This thickening effect develops around the heating zone in 
highly non-linear conditions. Simulation results suggest that there is a correlation 
between thickening and heat flux value, where higher power is attributed to greater 
section thickening. This result was expected, as a larger power input produces higher 
thermal expansions and contractions, as mentioned by Marya et al. (2001) and 
Edwardson et al. (2007).  
 
Figure 6.10 shows that temperature variance contributed to residual stress 
concentrations. The results show that the residual stress increased when the temperature 
setting increased. It reveals the distribution of favourable compressive residual stress, 
which can act as an inhibitor of crack initiation. However, the increased flow rate also 
affected the excessive deformation in the bulged area, contributing to the establishment 
of a deep notch adjacent to the undeformed root surface. This condition must be 
avoided, since it potentially increases the tendency towards part failure.  
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Figure 6.10: Residual stress profiles under the different peak temperature 
 
As can be seen from the same figures, the greatest bulging occurred at a peak 
temperature of 900
o
C. The bending result was slightly improved at a lower temperature 
of 700
o
C, with smaller compaction of the residual strain and the bulged area. At 500
o
C, 
the temperature was too low to develop residual stress after the hot bending process.  
 
For this reason, the most convincing setting temperature to be applied in a parametric 
study is 700
o
C. This idea was adopted by Clausen (2004), who used lower temperatures 
(below the transformation phase region) in studying line-heating cases. He stated that a 
temperature of 700
o
C was to be preferred, because it provides an efficient bending 
output compared to that of 900
o
C. Another reason for using this temperature is that it is 
below the phase transformation region, thus making all the adopted thermal and 
mechanical properties compatible with the analysis (Ueda et al., 2005). Problems like 
embrittlement of the heat-affected zone are also likely to occur at higher temperatures. 
Using temperatures higher than 700
o
C in the numerical investigation is therefore not 
recommended. 
 
The main issue is how these parameters could be used to increase part stiffness and 
reduce surface cracking, which will be detailed in the following chapter. 
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CHAPTER 7 
 
 
 
 
 
NUMERICAL INVESTIGATIONS 
 
 
 
 
 
7.1 Introduction 
 
The main aim of the work described in this chapter is to develop a process window for 
utilisation of the hot roll-forming process. Five parameters were investigated, based on 
the analysis of the numerical modelling results. 
 
7.2 Type of analysis 
 
The five parameters investigated are the heating band, the heating time, the bending 
speed, the bending radius and the part thickness. The first three are classified as primary 
parameters and are more flexible for adjustment during production. The other two are 
defined as secondary parameters that are fixed in the earlier design stage before 
production.   
 
In this study, two categories of analysis were used. 
1) A sensitivity analysis, which involves a statistical calculation to determine optimum 
process parameters. 
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2) A parametric study, which examines an individual case- by- case basis.  
 
The two investigated variables were neutral axis shift and section thickening. They were 
measured and were used as the dependent variables, since they contribute directly to 
surface cracking and to the part stiffness characteristic. 
 
7.3 Finite element model 
 
The finite element model is the same as that in the previous chapter. All simulations 
were undertaken using the same test conditions: a test-piece 0.6 mm thick and a 
maximum temperature of 700
o
C. The part geometry, element type, meshing, boundary 
conditions and interface interaction were standardised for all models.  
 
For the sensitivity analysis, 27 simulations were carried out. Using a different 
combination of parameters, this analysis was developed based on the three level 
factorial designs of the three process parameters: the heating band, the heating time and 
the bending speed. The process setup is summarised in Table 7.1.  
 
Table 7.1: Test matrix 
B
en
d
in
g
 s
p
ee
d
 (
m
/s
) 
0.5 1 10 19 
0.5 
H
ea
ti
n
g
 t
im
e 
(s
e
c)
 
1 2 11 20 
2 3 12 21 
0.5 4 13 22 
1 1 5 14 23 
2 6 15 24 
0.5 7 16 25 
2 1 8 17 26 
2 9 18 27 
  
2 4 6 
  
  
Heating band (10
-3 
m) 
   
For the simulations, the main differences were loading and process step definitions. 
There are listed in Table 7.2. 
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Table 7.2:  Test conditions for sensitivity analysis 
Case # 
Heating band 
(x 10
-3
 m) 
Heating time 
(sec) 
Bending speed 
(m/s) 
Heat flux 
(W/m
2
.C) 
1 
2 
0.5 
0.5 
1.98x10
5
 2 1 
3 2 
4 
1 
0.5 
1.71x10
5
 5 1 
6 2 
7 
2 
0.5 
1.46x10
5
 8 1 
9 2 
10 
4 
0.5 
0.5 
1.4x10
7
 11 1 
12 2 
13 
1 
0.5 
1.15x10
7
 14 1 
15 2 
16 
2 
0.5 
9.2x10
6
 17 1 
18 2 
19 
6 
0.5 
0.5 
1.98x10
7
 20 1 
21 2 
22 
1 
0.5 
1.71x10
7
 23 1 
24 2 
25 
2 
0.5 
1.46x10
7
 26 1 
27 2 
 
 
For the parametric study, the values used are listed in Tables 7.3(a) and (b). A "*" in 
each table is the investigated parameters for the respective analysis. 
 
Table 7.3:  The test parameters for the parametric study (a) bending radius (b) part 
thickness 
 Test setting #4: Bending radius 
Inner 
span 
(mm) 
Heating 
band 
(mm) 
Heating 
time 
(sec) 
Bending 
speed 
(m/s) 
Part 
thickness 
(mm) 
Heat flux  
(W/mm
2
.C) 
10* 2 0.5 0.5 6 1.98x10
7
 
15* 2 0.5 0.5 6 1.98x10
7
 
20* 2 0.5 0.5 6 1.98x10
7
 
(a) 
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Test setting #5: Part thickness 
Part 
thickness 
(mm) 
Heating 
band 
(mm) 
Heating 
time 
(sec) 
Bending 
speed 
(m/s) 
Inner 
span 
(mm) 
Heat flux  
(W/mm
2
.
C) 
2* 
2 0.5 0.5 20 1.68x10
7
 
4 0.5 0.5 20 1.15 x10
7
 
6 0.5 0.5 20 9.8x10
6
 
4* 
2 0.5 0.5 20 1.95x10
7
 
4 0.5 0.5 20 1.39x10
7
 
6 0.5 0.5 20 1.20x10
7
 
6* 
2 0.5 0.5 20 1.98x10
7
 
4 0.5 0.5 20 1.40x10
7
 
6 0.5 0.5 20 1.22x10
7
 
(b) 
 
 
7.4  The primary parameters test 
In this section, the effects of the three process settings - the heating band, the heating 
time and the bending speed - are presented and discussed.  
 
7.4.1 Heating band effects 
 
The selected case to be discussed is the simulation with 0.5 seconds of heating time and 
a bending speed of 0.5 m/s. The heating band conditions were fixed at 2, 4 and 6 mm. 
 
7.4.1.1 Neutral axis shift 
The first result of the neutral axis shift is presented in Figure 7.1. 
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Figure 7.1: Neutral axis shift during the bending process for different heating bands. 
  
The graph shows that, for small amounts of bending, the neutral axis moves from mid-
thickness toward the tension region but, as bending increases, it moves increasingly into 
the region of compressive stresses, towards the compression surface of the bent test-
piece. The movement reaches a maximum value after about two-thirds of the striker 
displacement, while the position of the neutral axis remains essentially constant during 
further striker movement.   
 
The neutral axis shift increased with the increase in the heating band. This is due to the 
nonlinear stress distribution over the cross-section. With the effect of thermal stress 
developing on the inner surface, the neutral axis  shifted towards the inner surface, in 
order to reduce the area in which these larger stresses occur, so that the resultant normal 
force on the cross-section is maintained in a free-stress condition (Huston & Josephs, 
2009). The result reveals that the shortest distance from the tensile surface occurs at the 
smallest heating band. Therefore, the smallest heating band could be preferred, in order 
to minimise the tendency towards surface cracking. 
 
7.4.1.2 Sectional thickening 
 
During the bending process, the heated material accumulates, producing a thicker 
section. The final section thickness depends on the heating band, as shown in Figure 
7.2.  
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Figure 7.2: Instantaneous part thicknesses (h/ho) during the bending stage for different 
heating bands. 
 
The results show that the widest heating band produces a thicker part at the end of the 
bending process. This characteristic can be explained as an accumulation of softer 
material under compression stress, which causes a surface bulge. The wider the heated 
band, the greater the amount of material compressed and bulged; hence,  the section 
thickening is also greater. It can be seen that the highest sectional thickening is obtained 
from the highest heating band setting. However, the heating band used must be properly 
determined in order to avoid an oversized bulge section that could weaken the rolled 
product.   
 
7.4.2 Heating time effects 
 
This analysis specifically investigates the effect of heating time during the hot bending 
process. To maintain the same peak temperature for all the tests, different heat fluxes 
were applied to the test-piece. For this discussion, three test conditions were analysed, 
namely at 0.5, 1 and 2 seconds.    
 
The development of the temperature gradient is shown in Figure 7.3.  
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Figure 7.3: Temperature profiles at the end of the heating stage under different heating 
time conditions. 
 
 
The results show that temperature spreads to a bigger area during a longer heating time. 
However, temperature is concentrated in a small heating area. It can be seen that a 
heating time of 0.5 seconds generates a temperature gradient to approximately the 
centre of the work-piece. With a longer heating time, the temperature is transmitted to a 
bigger space area. Under this circumstance, thermo-mechanical properties in the heated 
area changed drastically depending on the generated temperature, making them deform 
more easily. Therefore, material heated for 2 seconds produces a higher sectional 
thickness. 
 
7.4.2.1 Neutral axis shift 
 
The shift of the neutral axis during the heating time is shown in Figure 7.4.  
 
 
Figure 7.4: Neutral axis shift during the bending process for the different heating times.  
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The curve profiles show how the heating time affects the position of the final neutral 
axis. The results show that the neutral axis shifted away from the tensile surface during 
the longest heating time, 2 seconds. This means that the tendency towards surface 
cracking of the tensile surface is higher. However, as also observed in Figure 7.4, a 
longer heating time contributed to temperature increases of the back surface. This 
caused the material to become more ductile and therefore less likely to crack.  
 
7.4.2.2 Sectional thickening 
 
Section thickening evolution throughout the bending process is shown in Figure 7.5.   
 
Figure 7.5: Instantaneous part thicknesses (h/ho) during the bending stage. 
  
 
It can be seen from the above figure that heating time increases part thickness. 
Moreover, for thicker section thickening, a longer heating time is better. This 
phenomenon occurs as a result of the temperature gradient featured in the test-piece, as 
depicted in Figure 7.3. During the shortest heating time (when the highest value of heat 
flux was applied), the temperature was concentrated in a small heating area; thus, less 
material was deformed during the hot bending process. Conversely, this characteristic 
changes with a longer heating time; therefore, thicker sectional thickness is obtained.  
 
This investigation revealed that the heating time is obviously important and must be 
considered in the setting up of the process. A longer heating time is preferred, as it 
increases back-surface ductility and part thickness. 
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7.4.3 Bending speed effects 
 
In this study, the bending speed determines the effect of the temperature gradient. This 
happens because the test-piece is cooled down during the hot bending process. This 
analysis focused on the effect of bending speed for three bending speeds: 0.5, 1 and 2 
m/s. The setup for the heating band and the heating time were 2 mm and 0.5 seconds, 
respectively. 
 
7.4.3.1 Neutral axis shift 
 
This study is concerned with the effect of the bending rate after the temperature gradient 
has been fully generated. The result for the neutral axis shift is shown in Figure 7.6.  
 
 
Figure 7.6: The neutral axis shift for different bending speeds. 
 
The above graph shows that there is no substantial difference in neutral axis shift due to 
the bending speed. Initially, the neutral axis shifts towards the outside surface within a 
short time before it moves back to the compression surface until the end of the bending 
process. As in the two previous cases, the positive shift of the neutral axis occurs in the 
early process and becomes negative as the process continues. The same graph also 
clarifies that the bending speed does not really change with neutral axis shift. At very 
fast bending speeds, with bending times of 0.05, 0.04 and 0.01 seconds, the temperature 
gradient inside the test-piece is not seriously affected; thus, the thermo-mechanical 
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profiles for the three cases are almost the same. In this case, the highest bending speed is 
the best option in the final application, since this will increase productivity. 
 
7.4.3.2 Sectional thickening 
 
The result of sectional thickening is shown in Figure 7.7.  
 
Figure 7.7: Instantaneous part thicknesses (h/ho) for different bending speeds. 
 
 
An increase in part thickness was not clearly developed in the initial stages of the 
bending stage. Part thickness increases substantially when the bending progresses above 
a striker displacement of about 2.5 mm. At the end of the bending process, the thickest 
part was determined at the highest bending speed setting. This occurs due to material 
cooling effects occurring simultaneously with the bending process. At the highest 
bending speed, the process occurs at a higher temperature transition. Therefore, a higher 
percentage of the metal is deformed to generate a thicker section.    
 
This study shows that the bending speed (temperature gradient evolution) does not 
contribute significantly to neutral axis shift. Regarding the sectional thickening effect, a 
higher bending speed slightly improved part thickness. For this reason, a higher bending 
speed is preferred for actual applications, as it also increases productivity. 
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7.4.4 Sensitivity analysis 
 
The main objective of this analysis is to determine the sensitivity of output variables to 
investigated parameters, using statistical techniques. The aim is to predict the tendency 
of output variable characteristics due to a small change in the process parameters. The 
analysis begins with a data extraction from 27 simulation results, as shown in Table 7.4. 
 
Table 7.4: Hot bending conditions and calculated process outcome values 
Case # 
Heating band 
(m x10
-3
) 
Heating time 
(sec) 
Bending speed 
(m/s)  
Neutral axis shift 
(y/h) 
Sectional 
thickening  
(h/ho) 
1 
2 
0.5 
0.5 -0.0222 1.1252 
2 1 -0.0146 1.1387 
3 2 0.0297 1.1208 
4 
1 
0.5 -0.0511 1.1412 
5 1 -0.0501 1.1653 
6 2 -0.0293 1.1367 
7 
2 
0.5 -0.0936 1.1569 
8 1 -0.0840 1.1905 
9 2 -0.0162 1.0295 
10 
4 
0.5 
0.5 -0.0512 1.1403 
11 1 -0.0477 1.0485 
12 2 0.0162 1.0315 
13 
1 
0.5 -0.0874 1.0493 
14 1 -0.0782 1.0654 
15 2 -0.0241 1.0360 
16 
2 
0.5 -0.0952 1.0507 
17 1 -0.0938 1.0657 
18 2 -0.0404 1.0303 
19 
6 
0.5 
0.5 -0.0559 1.0429 
20 1 -0.0551 1.0582 
21 2 -0.0161 1.0349 
22 
1 
0.5 -0.0868 1.0564 
23 1 -0.0778 1.0711 
24 2 -0.0321 1.0381 
25 
2 
0.5 -0.1173 1.0660 
26 1 -0.0926 1.0797 
27 2 -0.0483 1.0346 
 
A regression algorithm was adopted to perform a multiple curvilinear regression 
analysis using a Costat software package. A regression coefficient was then determined 
for each parameter. A mathematical model for every parameter was developed and 
tested, based on a 5% level of confidence as detailed in Appendix 9.  The mathematical 
models obtained have been derived as per the following: 
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1) Sensitivity equations for the neutral axis shift (y/h) model with respect to 
i) heating band:  
           
  
          
       
             
 
ii) heating time:  
           
  
          
       
             
 
iii) bending speed:  
           
  
 
          
                    
 
 
2) Sensitivity equations for the sectional thickness (h/ho) model with respect to 
 
i) heating band:  
           
  
           
       
             
 
ii) heating time:  
           
  
 
         
                     
 
iii) bending speed:  
           
  
           
       
             
 
 
The above equations have been used to determine the sensitivity of the input parameters 
for the respective variables. In interpreting the data, a positive sensitivity value implies 
an increment in the sensitivity of the input, whereas a negative value states the opposite.  
 
7.4.4.1 Heating band sensitivity 
 
The sensitivity analysis results are depicted in Figure 7.8 
 
Figure 7.8: Heating band sensitivity (a) Neutral axis shift (b) Sectional thickening  
(*The same color used to describe similar setup of heating time,t and 
bending speed,v at different heating width,w)  
 
The above figure shows that the heating band sensitivity of the neutral axis shift is 
positive, while the heating band sensitivity of the sectional thickness is negative. This 
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means that increases in all parameters create an increase in neutral axis shift and 
decrease sectional thickening. Sectional thickening seems to be more sensitive to 
heating band variations than to neutral axis shift. 
 
As shown in Figure 7.8(a), the sensitivity of the neutral axis shift decreased with 
increases in the heating band. On the other hand, the heating band sensitivity of the 
neutral axis shift increases with an increase in the bending speed. Heating time does not 
affect the sensitivity of the heating band of a neutral axis shift. The maximum heating 
band sensitivity of a neutral axis shift was observed at a lower heating band (2 mm) and 
at a higher bending speed (2 m/s).  
 
In Figure 7.8(b), a negative value implies that an increase in all process parameters 
decreases sectional thickening. The effect of the heating band sensitivity on sectional 
thickening is maximised with heating band variations, compared to heating time and 
bending speed. According to this, predicted minimum sectional thickening was 
observed during the combination of a lower heating band (2 mm), a higher heating time 
(2 seconds) and a lower bending speed (0.5 mm/s).  
 
7.4.4.2 Heating time sensitivity 
 
Sensitivity results in Figure 7.9 show the heating time sensitivity of the neutral axis 
shift and sectional thickening. 
 
Figure 7.9: Heating time sensitivity; (a) Neutral axis shift (b) Sectional thickening 
(*The same color used to describe similar setup of heating time,t and 
bending speed,v at different heating width,w)  
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The sensitivity results show that the heating time sensitivity of sectional thickening is 
greater than the heating time sensitivity of the neutral axis shift. Thus, heating time 
variations can be used for sectional thickening. The heating time sensitivity of all three 
process parameters is positive. Therefore, any increase in the heating band, the heating 
time and the bending speed increases the neutral axis shift and sectional thickening at 
different rates, depending on their sensitivity values. 
 
As shown in Figure 7.9(a), the heating time sensitivity of the neutral axis shift is 
increased with an increase in bending speed, while not much change is caused by the 
heating band or the heating time. The heating time sensitivity of the neutral axis shift is 
at the maximum during a lower heating time (0.5 seconds), a higher heating band (6 
mm) and a higher bending speed (2 m/s).  
 
Figure 7.9(b) shows that the heating time of the sectional thickening did not 
significantly differ with different heating bands, but decreases with an increase in the 
bending speed. The most sensitive sectional thickening value is obtained under 
conditions of a 2 mm heating band, a 0.5 sec heating time and a bending speed of 0.5 
m/s. The result shows the heating time can be used to adjust for sectional thickening.  
 
7.4.4.3 Bending speed sensitivity 
 
The sensitivity analysis results are depicted in Figure 7.10.  
 
Figure 7.10: Bending speed sensitivity  (a) Neutral axis shift (b) Sectional thickening 
(*The same colour is used to describe the similar setup of heating time,t and 
bending speed,v at different heating widths,w)  
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From the plotted results, the bending speed sensitivity of both the neutral axis shift and 
the sectional thickening are negative. It can clearly be seen that the sectional thickening 
is highly affected by variations in the bending speed, while the neutral axis shift seems 
to be insensitive to such variations. 
 
In Figure 7.10(a), the negative bending speed sensitivity of the neutral axis shift was 
insensitive to heating band and heating time variations. This phenomenon can be seen in 
the parametric results, where the neutral axis shift is not significantly affected by 
bending speed variations. Figure 7.10(b) depicts the sectional thickening was most 
sensitive to the bending speed at a lower heating band (2 mm), a lower heating time (0.5 
sec) and a higher speed value (2 m/s). This parameter setting predicts the minimum 
sectional thickening, due to the results of maximum negative sensitivity.  
 
7.5 Secondary parameter tests 
 
This section presents the parametric study for two parameters: bending radius and part 
thickness. By examining the effects caused by adjusting the physical characteristics of 
the model, a better understanding of how each component of the model contributes to 
the developed process is obtained. 
 
7.5.1 Bending radius 
 
In these experiments, the bending radius variation depends on the inner span, or half of 
the distance between two adjacent supports. In the real process, this is determined by 
the arrangement of a male and female roller at each roller station. To simplify this 
analysis, it was specified by the inner span value without any changes in the striker 
distance. 
 
7.5.1.1 Neutral axis shift 
 
The neutral axis shift is plotted in Figure 7.11. It can be seen that, with striker 
displacement, the neutral axis shifts from the centre line axis towards the compressive 
zone. The neutral axis shift is the highest for the smallest bending radius.  
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Figure 7.11: The neutral axis shift during the bending process for different inner span 
values. 
 
 
7.5.1.2 Sectional thickening 
 
The support span distance has an obvious effect on thickness evolution, with an 
occurrence of bulge as plotted in Figure 7.12. However, further investigation must be 
conducted to determine the optimum inner and outer span settings, depending on the 
part thickness and the heating configurations.  
 
   
Figure 7.12: Instantaneous part thicknesses (h/ho) during the bending stage for different 
inner span values.  
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7.5.2 Part thicknesses 
 
In this investigation, three test-piece thicknesses of 2, 4 and 6mm were used. In 
developing the model, the supplied heat energy value was fixed at a constant heating 
band to thickness ratio, to match conditions in the previous analysis. Other than that, a 
slower bending speed of 0.5 m/s was used to avoid excessive deformation away from 
the middle region, especially in the case of the thin test-piece.  
 
7.5.2.1 Neutral axis shift 
 
The neutral axis shift and axial stress distribution is illustrated in Figure 7.13.  
 
 
Figure 7.13: The neutral axis shift during the bending process for different part 
thicknesses. 
 
Figure 7.13 graphically shows the increase in the neutral axis shift per unit thickness 
when the thickness decreases. The neutral axis shift for the 2 mm specimen is somewhat 
distant when compared to the 4 and 6 mm specimens. Using a similar heating band, the 
temperature gradient obtained in each specimen developed differently and the 
temperature gradient for the 2 mm specimen was totally destroyed. Therefore, it can be 
seen that the outer surface of the final bending of the 2 mm specimen is flat. This is due 
to the localisation of plastic bending that pushed the neutral axis to the outer surface. 
127 
For the thicker specimens, the existence of the temperature gradient that contributes to a 
smaller shift in the neutral axis is more obvious. 
 
As the thickness influences the temperature gradient, it is better to compare different 
part thickness using the dimensionless approach. Therefore, further simulation analyses 
were conducted to observe the effect of heating band per unit thickness. Simulation 
models have been developed for the three selected part thicknesses (2, 4 and 6 mm) at 
three heating bands (2, 4 and 6 mm). The result is shown in Figure 7.14. 
 
 
Figure 7.14: Plot of the relationship between dimensionless variables between the 
neutral axis shift and the heating band/thickness ratio. 
 
The comparative graph of the neutral axis shift of the various heating band per unit 
thicknesses at the end of bending process is shown in Figure 7.14. This graph shows the 
trend experienced by the different part thickness at a specific heating band per thickness 
ratio (w/ho). The graph shows the increase in the neutral axis shift as the heating band 
per unit thickness increased in the same specimen thickness. Further comparison of the 
different thicknesses (e.g. w/ho =1) revealed that the effect of the heating band per unit 
thickness is highest for the thickest specimen, that of 6 mm. 
 
The result shows the importance of the temperature gradient in reducing the neutral axis 
shift. As the heating band per unit thickness is low, the temperature penetrates less than 
the thickness of the plate and generates an adequate plastic zone. With this, the smaller 
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plastic region is less than that of the specimen thickness. This prevents the neutral axis 
shift far into the tension surface, while the higher bending width to thickness ratio 
destroys the temperature gradient through the thickness of the sheet specimen. 
Therefore, the neutral axis is slightly higher because plastic deformation occurs across 
the thickness. 
 
7.5.2.2 Heating band/part thickness ratio effects 
 
In discussing sectional thickening for different part thicknesses, the analysis using 
heating band per unit thickness has been used. The result is shown in Figure 7.15. 
 
 
Figure 7.15: Plot of the relationship between dimensionless variables between the 
sectional thickening and the heating band/thickness ratio.  
 
Figure 7.15 is a plot of the effect of the sectional thickness effect for the various heating 
band per unit thickness (w/ho) at the end of bending process. The general trends of the 
curves seem to be similar to the previous analysis. A general comparison of the heating 
band per unit thickness across the part thickness reveals small sectional thickness 
variations. An increase in the heating width per unit thickness does not cause an 
obvious increase in the sectional thickness. However, the graph reveals the sectional 
thickness (h/ho) for the same thickness increases when the heating per unit thickness 
increases. The sectional thickness results for the 4 and 6 mm specimens are not very 
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different, since the final sectional thickness is determined by a small portion of the 
plastic region inside the specimen during the bending process. Therefore, it is expected 
that the only reason is the similar temperature gradient, which was not obtained for the 
2 mm thick specimen. It is thus concluded that the sectional thickness obtained depends 
on the heating band per unit thickness parameter of the different specimen thicknesses. 
 
7.6 Process window 
 
Taking into account the results of this study, the paradigm for the application of the 
heat-assisted roll forming process is as follows:  
 
There is a need for a high power heat source like laser heating to supply enough heat 
energy to the work-piece. For process optimisation, the maximum temperature should 
not be more than 700
o
C in order to eliminate excessive plastic deformation at the heated 
region. Changing the process parameter contributes to certain variations of the neutral 
axis shift and section thickening. Thus, the major findings related to process setting are 
summarised below. 
 Part stiffness could be improved by using the heat assisted forming process. 
However, an optimum process setting is important for attaining the best output. 
 Tool/ part geometry also contributes to the neutral axis shift and changes in the part 
thickness. This factor must not be neglected. 
 
Based on the sensitivity analysis, some optimisations of the process are recommended. 
 Optimisation of the three process parameters shows that heating bands and heating 
times have a major effect, compared to the bending speed. 
 An increase of the heating band and the heating time will increase the neutral axis 
shift. The highest sensitivity is found for the lowest heating band and heating time. 
 For the section thickening, the heating time sensitivity of the neutral axis shift 
increased with an increase in the bending speed, and was not significantly changed 
by the heating band. 
 
In conclusion, findings from this study are summarised in the process window, as 
shown in Table 7.5. 
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Table 7.5: The process window for the heat assisted section-rolling process 
Parameters Proposed process setting Justification 
Maximum 
Temperature of 
the heated region 
 
 
 Proposed as 700oC 
 
 Below austenite region (Single phase deformation process) 
 High temperature contributes to the creation of bulging sections 
o Higher temperature  Bigger bulge size 
 Low temperature produces lower maximum stress on the tensile surface.  
o Lower temperature  Smaller gap between the neutral axis and the tensile surface 
 Minimum working temperature should not less than 500oC  
Heating band 
 Smaller heating band is 
preferred 
 Selection of the heating band 
depends on the part thickness  
 Bigger heating band  greater section thickening 
 Smoother section surface with less residual stress effect at the corner region. 
 The proposed heating band to part thickness ratio is 1:3 
o For 2, 4 & 6 part thickness  heating band at max 0.75, 1.5 & 2 mm, respectively 
Heating time 
 At the fastest time  
(Match to the bending speed 
setting) 
 Does not contribute to higher temperature penetration into the test-piece 
 Lower supply of energy for a longer heating time makes heat disperse to a larger area. 
o Longer heating time  Greater section thickening 
Bending speed 
 At the fastest time 
 Depends on the part thicknesses 
 No obvious effects on the neutral axis shift 
 Low bending speed reduces the section thickening 
 Different part thicknesses must comply to maximum allowable bending speed  
o Thin material (2 mm)  slower max. bending speed ( < 1 m/s) 
o Thick material (4-6 mm)  can be used at higher max. bending speed ( <1.5 m/s) 
Bending radius 
 Set at minimum inner/outer 
span but matching the part 
thickness 
  Minimum inner span determines that a shorter striker shift is needed  
 Final setting must consider the part thickness. 
o Thinner sheet metal  Lower inner/outer span setting  
o Smaller inner span  Higher loading force 
Part thickness 
 Different part thicknesses affect the total process configuration, starting from the supplied heat energy, suitable heating 
band, bending speed and tooling setting. Therefore, these must be investigated individually. 
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CHAPTER 8 
 
 
 
 
 
CONCLUSIONS AND 
FUTURE RESEARCH RECOMENDATIONS 
 
 
 
 
 
 
This research successfully validated a new process through experimental work and 
numerical analysis. This has led to the formulation of the following conclusions:    
 
 
8.0 Conclusions 
 
Initial experimental work was undertaken to obtain material and interaction properties 
of the hot-rolled steel. 
 
 Based on the non-standard hot-rolled steel tests, the working temperature 
significantly affects the material flow stress. The results show that flow stress for 
this material at 750
o
C is reduced to one-third, compare to that at room 
temperature. At this temperature (750
o
C), the strain rate effect is more obvious as 
the yield stress increases by 25% at the higher strain rate, from 0.1s
-1
 to 1 s
-1
. This 
influences process performance under different parameter settings. 
132 
 
Up to now, no research has been conducted on the heat- assisted section rolling 
process. Hence, it is believed that applying FE analysis to determine the feasibility of 
the proposed process is beneficial to  industrial process design. Based on the FE 
analysis, the following conclusions are drawn:  
 
Neutral axis shift  
Neutral axis shift in the hot bending process occurs due to plastic deformation 
induced by thermal stress in the heated region. As heat is added, the elastic zone is 
squeezed into smaller region, which shifts the neutral axis closer to tension surface. .  
 
In practice, the distance between the neutral axis and the tensile surface must be kept 
as low as possible to reduce the tendency for surface cracking. In this study, the 
simulation results show that the neutral axis does not shift significantly at 
temperatures below 500
o
C. The neutral axis moves away from tensile surface when 
the temperature moves up to between 500
o
C and 700
o
C. This characteristic varies 
with changes in the process parameters, thus:  
 A greater heating band causes greater movement of the neutral axis away from the 
tensile surfaces. From the investigation, at the smallest heating band (2 mm), the 
final location of the neutral axis is closer to the compressed surface - about 10% 
of the sectional thickness. This distance increases 2% when double the heating 
band is used. 
 A longer heating time causes greater neutral axis movement away from the tensile 
surface. On average, the percentage increases 5% when the heating time is 
doubled.   
 The bending speed does not have an obvious effect on the neutral axis movement.  
 The selection of the bending radius and the part thickness depends on the part 
thickness. The ratio of neutral axis to instantaneous thickness is reduced for 
thinner test-pieces. 
 
In this investigation, the neutral axis shifted away from the tensile surface when 
compared to the final part thickness. This phenomenon limits the capability of the 
process to reduce surface cracking. However, this process also establishes that, at high 
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temperatures, the material becomes more ductile, which could reduce the tendency 
towards tensile surface cracking. In the end, heat assisted section rolling has an 
exceptional advantage in preventing surface cracking.  
 
Bulging  
Bulging forms on the compressed surface, due to higher material formability when the 
temperature increases. From the investigation, the state of bulging increases with the 
temperature, where significant bulging occurs between 500
o
C and 900
o
C. Bulging 
varies as parameters are changed, whereby 
 The greater heating band increases the bulging. The results determine that the 
narrowest heating band (2mm) increases the sectional thickness by about 2%. 
Thicker parts are obtained when a wider heating band is adopted.  
  It is also revealed that the ratio between the heating band and the thickness has a 
direct effect on bulging. The results show that the sectional thickness (h/ho) is 
proportionate to the heating band per thickness (w/to). Thus, it is necessary to use 
a suitable ratio for an optimum bulging effect. 
 A longer heating time increases bulging. The part thickness due to bulging is 
about 2% thicker than the original thickness at the shortest heating time of 0.5 
seconds. Thicker parts were obtained when a longer heating time was adopted.  
 The fastest bending speed allows more material deformations, contributing to 
thicker sectional thickness. The sectional thickness at the lowest bending speed, 
0.5 m/s, is 1% lower than under the highest bending speed condition (2 m/s). 
 A smaller bending radius contributes to higher sectional thickening. The 
combined effects of smaller bending radii and bulging are useful, since they 
increase the section second moment of the area, leading to higher roll section 
stiffness. This occurs when more material accumulates far from the neutral axis. 
 
Bulging obviously has an advantage in assisting the roll section process, as it 
increases sectional thickening. This feature makes section roll products stiffer, as 
indicated by previous research. 
 
From this study, several reasons for promoting the hot section rolling process could be 
concluded. Firstly, this process has the advantage for processing a stiff metal strip, 
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compared to that which can be produced at room temperature. It is also capable of 
producing bulging that increases thickness of the bent region, which contributes to 
higher section stiffness. Finally, this process could reduce cracking of tensile surfaces, 
as higher ductility of the material occurs at a higher temperature. 
 
 
8.1 Recommendations for future research 
 
This study has advanced the knowledge on heat assisted section rolling process. 
However, this research area is full of new challenges, all of which must be dealt with 
to improve understanding of the process. Among required future research activities 
are 
 
1. Reducing the tendency for cracking to arise, due to the shift of the neutral axis 
away from the outer bend radius, by using different temperature profiles across 
the width of the heating band. This might lead to simultaneous bulging without 
shifting the neutral axis away from the outer radius. 
 
2. Experiments using a V-shaped punching die, which might be more similar to 
actual roll forming processes. To apply this technique, it is necessary to find 
suitable heating configurations suited to V-shaped punching die settings.  
 
3. A more sophisticated simulation of the dynamic process is required. An advanced 
type of numerical modelling, such as an actual single station forming process, 
could better investigate the process compared to the static bending process used in 
the present research. In further analysis, numerical investigation of multiple 
stations will provide greater understanding of the heat assisted  process. 
 
4. This research can be expanded by adopting the latest optimisation methods to 
determine the optimum process setting for the heat assisted section rolling 
process. Among them are the response surface method (RSM) and particle swarm 
optimisation (PSO).  
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Appendix 1:  The tensile specimen and attachments  
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Appendix 2:  Halogen heater specifications 
 
 
Halogen heater’s diagram 
(Source:  Research Inc’s technical manual) 
 
 
The refurbished halogen heater 
 
152 
Appendix 3:  Freon-12 properties and heat flux calculations 
 
Description Value 
Scientific name CCl2F2(R12) 
Boiling point/boiling range –29.8 °C (–21.6 : °F). 
Vapor Pressure 70.1 psi @ 70 °F 
Flammability (solid/gas) None 
 
 
 
Calculation for heat flux value applied on the back surface 
 
 
Average Freon flow rate: 0.5 ~3 l/min 
Assume flow rate, V  = 3 l/min =  5 x10
-5
 m
3
/s 
Volume of gas,   = density x flow rate 
  =  6.25 x 50 x10
-5
 kg/s = 3.125 x 10
-3
 kg/s 
Latent heat during cooling process = 166.95 kJ/kg 
 
Energy apply on the surface= latent heat x volume of gas 
= 166.95 kJ/kg x 3.125 x10
-3
 kg/s = 5.2 x 10
-2
 J/s 
Assume cooling area = 2 x 15 10-6 m2 = 3x 10
-5
 m2 
Heat flux  = (5.2 x 10-2 J/s) / (3x 10
-5
 m2) 
 = 17.33 x 10
6
 W/m
2
 
 
Validate the heat transfer coefficient test results 
 
 The initial test has been conducted to determine test setting and accuracy of the 
results. About 30 tests were conducted to familiarize with the system and make 
sure the result is consistent. 
 The test was described in section 3.4 at the shorter spraying time for 0.5 sec, 
 The shown graph is only for the six results to show percentage of error of the 
obtained results, which is less than 5% percentage of error. 
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Graph to describe small error (less than 5%) for the obtained results of the heat 
transfer coefficient test 
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Appendix 4:  Four-point bending’ test rig – drawings & design consideration 
 
Top plate for the 4PHBT’s Test Rig 
 
Middle plate for the 4PHBT’s Test Rig 
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Base plate for the 4PHBT’s Test Rig 
 
 
The striker and support for the 4PHBT’s Test Rig 
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The full configuration of the 4PHBT’s Test rig 
 
 
Design consideration in test rig fabrication 
 
 
 
Test rig has been designed to perform at high temperature. The main body is made of 
mild steel and the attached cylindrical rod from silver steel. Silver steel is used to 
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establish low friction between the in contact surfaces during high temperature bending 
tests.  
i) Flat top surface 
 The total dimension of the test rig was 250mm length x 250 mm width x 450 
mm height. The base and middle plates are fixed together using four shafts 
with four additional solid rods to strengthen the structure. The bending stroke 
is produced from movement of the top plate sitting on the high four springs.  
ii) Adjustable striker and support fixtures for variable bending span. 
  All the bending fixtures tightened to the top or middle plate using Allen 
screws. With this special design, the fixtures can be easily repositioned for 
different span. 
iii) Movable fixture for maximum supply of infrared beam. 
  Since the infrared ray travels between the bending supports, the minimum 
opening gap must be rectified. In this experiment, the distance between two 
bottom fixtures should not less than 34 mm. 
iv) Adjustable height for the correct focal point. 
  The infra-red heater is sitting on the elevated platform. The platform is fitted 
with four screws that purposely used to raise the heater up and down. 
v) Maximum bending stroke. 
  The selected springs able to produce acceptable stroke which is enough to 
produce perpendicular v-shape parts. 
vi) High temperature resistance. 
  Type of material has been used in test rig fabrication conform to high 
temperature bending condition.  
vii) Low friction between bending jigs and test-piece 
  Combination of fixture suitable with the bending stroke and the rod must be 
smooth with minimum friction resistance. 
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Appendix 5:  Hot tensile tests 
 
To determine diametrical evolution with time 
 
Source:  (Foster, 2007) 
 
Diagrams from the hot tensile tests 
 
 
 
 
Flow stress plots for conditions tested, bloom centre at room temperature 
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Flow stress plots for conditions tested, bloom centre at 750
o
C 
 
 
Flow stress plots for conditions tested, bloom centre at 1000
o
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Flow stress plots for conditions tested, bloom centre at 1250
o
C 
 
Comparison of material composition for S450 and S460 steel 
 
 
 
Ref: (Domone P. and Illston J., 2010) 
 
 
 
0
25
50
75
0.0 0.2 0.4 0.6 0.8 1.0
F
lo
w
 s
tr
es
s 
(M
P
a
) 
True strain 
έ = 1 s-1 
έ = 0.1 s-1 
161 
Appendix 6: The test improvement 
 
Fiber cloth is used to cover the specimen 
 
Test setting with the fiber cloth covering specimen 
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Appendix 7:  Material properties and interaction data 
Mechanical properties  
 
True strain (%) 
True Stress,( MPa) 
25
o
C 250
o
C 500
o
C 750
o
C 
0 0 0 0 0 
0.05 104.88 84.18 63.02 13.8 
0.1 210.22 167.9 126.04 27.14 
0.15 315.1 252.08 181.7 40.02 
0.2 419.98 307.74 206.54 47.84 
0.25 460 327.52 223.1 53.82 
0.3 460 341.78 236.44 58.42 
0.35 460 353.74 247.48 63.02 
0.4 460 363.4 257.6 66.7 
0.45 460 372.14 266.34 69.92 
0.5 460 379.5 274.16 72.68 
0.55 460 386.86 281.06 75.44 
0.6 460 392.84 287.96 78.2 
0.65 460 398.82 293.94 80.5 
0.7 460 404.34 299.46 82.8 
0.75 460 409.4 304.98 84.64 
0.8 460 414 309.58 86.48 
0.85 460 418.14 314.18 88.32 
0.9 460 422.28 318.32 90.16 
0.95 460 425.96 322.46 91.54 
1 460 429.18 326.14 92.92 
1.1 460 435.62 332.58 95.68 
1.2 460 441.14 338.56 97.98 
Source: (Franssen & Paul, 2010) 
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Thermal properties 
 
Thermal conductivity 
Conductivity(W/m 
K) 
Temperature (
o
C) 
51.9 22 
51.1 100 
48.6 200 
44.4 300 
42.7 400 
39.4 500 
35.6 600 
31.8 700 
Source:  (Zhang & Michaleris, 2004)  
Specific heat 
Specific heat(J/kg-K) Temperature (
o
C) 
486 22 
486 100 
498 200 
515 300 
536 400 
557 500 
586 600 
619 700 
Source:  (Zhang & Michaleris, 2004)  
Thermal expansion  
Thermal expansion coefficient, 
 
Temperature (
o
C) 
1.17E-005 22 
1.17E-005 100 
1.22E-005 200 
1.28E-005 300 
1.33E-005 400 
1.38E-005 500 
1.44E-005 600 
1.48E-005 700 
Source: (Zhang & Michaleris, 2004)  
 
Inelastic heat fraction 
0.9 
Source: (Shi et. al, 2007) 
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Interaction properties 
 
Convection coefficient 
Convection Coefficient 
(W/m
2
K) 
Temperature (
o
C) 
3.5 22 
5.2 50 
6.5 100 
7.1 125 
7.8 225 
7.7 325 
7.5 425 
7.2 525 
7.1 625 
7 725 
Source: (Biswas et. al, 2007)  
Friction 
0.2  
Sources: (Li et. al, 2010)   
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Appendix 8:  Heat flux on the heated zone 
 
Basic Fourier’s law of heat conduction  Q = q/A  = l dT/dx  
Where;  
 
Thermal conductivity λ = 0.0465  J/(mm°C) [value used at 250oC ]. 
Therefore,  
heat flux;                q = 0.0465 ((500-25)/6)  
 = 3.68 W/mm2.C   
 
Total power supplied to heat top surface up to 500
o
C ,           Q  = 3.68 x 50 x 5 
        =920 W 
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Appendix 9:  Sensitivity analysis 
 
Calculated values from Costat Software  
 
1) Neutral axis 
 
REGRESSION: MULTIPLE (ONE SUBSET) 
2012-07-23 15:35:58 
Using: C:\Program Files\cohort6\NAReg.dt 
  X Columns: 
       1) C1    2) C2    3) C3 
  Y Column: 4) C4 
Keep If:  
Calculate Constant: true 
 
Total number of data points = 27 
Number of data points used = 27 
Regression equation:  
col(4)[C4] = NotRegistered 
 
R^2     = 0.87757511382    AIC = -228.87193504    MSEP    = 2.14223442e-4 
adj R^2 = 0.86160665041    BIC = -225.54112219    PRESS   = 0.00574573206 
PRE R^2 = 0.83255621023    MAE =   0.010484806    LOO MAE = 0.01229123507 
 
For each term in the ANOVA table below, if P<=0.05, that term was a 
significant source of Y's variation. 
 
Source         SS          df              MS               F              P 
------------------------ ------------- -------- --------- --------- --------- 
Regression  0.02997076472 3  0.0099903  54.956766 . 0000 *** 
col(1)[C1]  0.00348918734 1  0.0034892   19.19415 . 0002 *** 
col(2)[C2]  0.01082363893  1  0.0108236  59.541243 . 0000 *** 
col(3)[C3]  0.01565793845 1  0.0156579  86.134906 . 0000 *** 
Error 0.00418102952 2 3  1.8178e-4 
------------------------ ------------- -------- --------- --------- --------- 
Total                    0.03415179425       26 
 
Table of Statistics for the Regression Coefficients: 
 
Column Coef.   Std Error   t(Coef=0)      P   +/-95%       CL 
------------------------ ---------  ---------  ---------  ---------  --------- 
Intercept  NotRgstrd  0.0097087  -3.313435   .0030 **    0.0200839 
col(1)[C1] NotRgstrd   0.001589  -4.381113   .0002 ***    0.003287 
col(2)[C2] NotRgstrd  0.0041609  -7.716297   .0000 ***   0.0086074 
col(3)[C3] NotRgstrd  0.0041609  9.2808893   .0000 ***   0.0086074 
 
Degrees of freedom for two-tailed t tests = 23 
If P<=0.05, the coefficient is significantly different from 0. 
 
Residuals: 
 
      Row     Y observed     Y expected       Residual   
---------  -------------  -------------  ------------- 
        1      -0.022218  -0.0428368095  0.02061880952 
        2      -0.014637  -0.0235285714  0.00889157143 
        3        0.02974  0.01508790476  0.01465209524 
        4      -0.051117  -0.0588900238  0.00777302381 
        5      -0.050057  -0.0395817857  -0.0104752143 
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        6      -0.029324  -9.6530952e-4  -0.0283586905 
        7      -0.093639  -0.0909964524  -0.0026425476 
        8         -0.084  -0.0716882143  -0.0123117857 
        9      -0.016189  -0.0330717381   0.0168827381 
       10      -0.051156  -0.0567595873   0.0056035873 
       11      -0.047686  -0.0374513492  -0.0102346508 
       12       0.016158  0.00116512698  0.01499287302 
       13      -0.087357  -0.0728128016  -0.0145441984 
       14      -0.078218  -0.0535045635  -0.0247134365 
       15      -0.024132  -0.0148880873  -0.0092439127 
       16      -0.095173  -0.1049192302  0.00974623016 
       17      -0.093831  -0.0856109921  -0.0082200079 
       18      -0.040441  -0.0469945159  0.00655351587 
       19      -0.055933  -0.0706823651  0.01474936508 
       20      -0.055123   -0.051374127   -0.003748873 
       21      -0.016104  -0.0127576508  -0.0033463492 
       22      -0.086771  -0.0867355794  -3.5420635e-5 
       23      -0.077799  -0.0674273413  -0.0103716587 
       24      -0.032109  -0.0288108651  -0.0032981349 
       25      -0.117262  -0.1188420079  0.00158000794 
       26      -0.092623  -0.0995337698  0.00691076984 
       27      -0.048327  -0.0609172937  0.01259029365 
 
 
Validation Method: Bootstrap 
Validate N Times:  200 
Leave-Group-Out PRESS   = 0.00243512111 
Leave-Group-Out PRE R^2 = 0.8301745 
Leave-Group-Out MAE     = 0.0130700629 
 
(The validation method randomly assigns rows of data to validation groups, so the Leave-Group-but 
statistics printed above will vary. 
You can reduce the variability by increasing 'Validate N Times'.) 
 
Group  Leave-Group-Out Validation Equations 
-----  ---------------------------------------------------------------------- 
    1  -0.037555359 -0.0055806404*col(1)[C1] -0.0324487358*col(2)[C2] +0.0395361558*col(3)[C3] 
    2  -0.0403238097 -0.0047535405*col(1)[C1] -0.0309500423*col(2)[C2] +0.03579668047*col(3) 
. 
. 
. 
[C3] 
  100  -0.055551958 -0.003472869*col(1)[C1] -0.0250370151*col(2)[C2] +0.03570918808*col(3)[C3] 
 
 
2) Sectional thickening 
 
REGRESSION: MULTIPLE (ONE SUBSET) 
2012-07-23 15:38:43 
Using: C:\Program Files\cohort6\STReg.dt 
  X Columns: 
       1) C1    2) C2    3) C3 
  Y Column: 4) C4 
Keep If:  
Calculate Constant: true 
 
Total number of data points = 27 
Number of data points used = 27 
Regression equation:  
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col(4)[C4] = NotRegistered 
 
R^2     = 0.57881732606    AIC =   -178.499471    MSEP    = 0.00138390765 
adj R^2 = 0.52388045555    BIC = -175.16865814    PRESS   = 0.03772488764 
PRE R^2 = 0.42666571811    MAE =  0.0268267425    LOO MAE = 0.03153462616 
 
For each term in the ANOVA table below, if P<=0.05, that term was a 
significant source of Y's variation. 
 
Source                              SS       df        MS         F     P 
------------------------ ------------- -------- --------- --------- --------- 
Regression               0.03711883841        3 0.0123729 10.536045 .0001 *** 
col(1)[C1]               0.02902531898        1 0.0290253 24.716188 .0001 *** 
col(2)[C2]                1.1058906e-4        1 1.1059e-4 0.0941709 .7617 ns  
col(3)[C3]               0.00798293036        1 0.0079829 6.7977756 .0158 *   
Error                    0.02700992336       23 0.0011743 
------------------------ ------------- -------- --------- --------- --------- 
Total                    0.06412876177       26 
 
Table of Statistics for the Regression Coefficients: 
 
Column  Coef. Std Error   t(Coef=0)      P       +/-95% CL 
------------------------ ---------  ---------  ---------  ---------  --------- 
Intercept NotRgstrd  0.0246763   48.545313   .0000 ***   0.0510468 
col(1)[C1] NotRgstrd  0.0040386   -4.971538   .0001 ***   0.0083545 
col(2)[C2] NotRgstrd  0.0105756   -0.306873   .7617 ns    0.0218772 
col(3)[C3] NotRgstrd  0.0105756   2.607254   .0158 *     0.0218772 
 
Degrees of freedom for two-tailed t tests = 23 
If P<=0.05, the coefficient is significantly different from 0. 
 
Residuals: 
 
      Row     Y observed     Y expected       Residual 
---------  -------------  -------------  ------------- 
        1       1.125193  1.14235287566  -0.0171598757 
        2       1.138696   1.1285662963   0.0101297037 
        3       1.120818  1.10099313757  0.01982486243 
        4       1.141177  1.14073020106  4.46798942e-4 
        5       1.165339  1.12694362169  0.03839537831 
        6        1.13672  1.09937046296  0.03734953704 
        7       1.156923  1.13748485185  0.01943814815 
        8        1.19047  1.12369827249  0.06677172751 
        9       1.029492  1.09612511376  -0.0666331138 
       10       1.140312  1.10219670899  0.03811529101 
       11       1.048525  1.08841012963  -0.0398851296 
       12       1.031457   1.0608369709  -0.0293799709 
       13       1.049332  1.10057403439  -0.0512420344 
       14       1.065392  1.08678745503   -0.021395455 
       15       1.035955   1.0592142963  -0.0232592963 
       16       1.050722  1.09732868519  -0.0466066852 
       17       1.065743  1.08354210582  -0.0177991058 
       18       1.030295  1.05596894709  -0.0256739471 
       19       1.042912  1.06204054233  -0.0191285423 
       20       1.058247  1.04825396296  0.00999303704 
       21       1.034933  1.02068080423  0.01425219577 
       22        1.05642  1.06041786772  -0.0039978677 
       23        1.07113  1.04663128836  0.02449871164 
       24        1.03812  1.01905812963  0.01906187037 
       25       1.065992  1.05717251852  0.00881948148 
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       26        1.07965  1.04338593915  0.03626406085 
       27       1.034613  1.01581278042  0.01880021958 
 
 
Validation Method: Bootstrap 
Validate N Times:  200 
Leave-Group-Out PRESS   = 0.01560745984 
Leave-Group-Out PRE R^2 = 0.4588934 
Leave-Group-Out MAE     = 0.03311728029 
 
(The validation method randomly assigns rows of data to validation groups, 
so the Leave-Group-Out statistics printed above will vary. 
You can reduce the variability by increasing 'Validate N Times'.) 
 
Group  Leave-Group-Out Validation Equations 
-----  ---------------------------------------------------------------------- 
    1  1.17543389163 -0.0163225556*col(1)[C1] -0.011843553*col(2)[C2] -0.0180643578*col(3)[C3] 
. 
. 
. 
  100  1.21725433705 -0.0278877335*col(1)[C1] +0.00763268821*col(2)[C2] -
0.0309652596*col(3)[C3] 
 
 
Mathematical model for each variables 
 
1) Neutral axis 
 
 
 
 
2) Sectional thickening 
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